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Sum m ary
This thesis reports absolute differential cross section (DCS) measurements for low 
energy electron scattering from several atomic and molecular species. The mea­
surements were obtained using a crossed electron-target beam apparatus, with the 
resulting angular distributions normalised using the relative flow technique. The 
work is presented in eight chapters with the first chapter giving a brief introduction 
to th> field of research.
Chapter 2 gives a qualitative introduction to electron-atom and electron-molecule 
collis ons and some of the theoretical approaches to scattering processes investigated 
expehmentally in the course of this work. An overview of the apparatus and the 
methods used to obtain the experimental data is provided in chapter 3.
Chapter 4 presents measurements of electron scattering from Ar. Absolute differ­
entia (12°-130°) cross sections for low energy (1-10 eV) electron scattering were 
measired. Recent theoretical and experimental investigations are compared to de­
termine if the measured and calculated cross sections are in good agreement. The 
data vere also analysed using phaseshift techniques.
Absoute elastic DCS for electron scattering from Xe at 10 energies below the first 
inelastic threshold (8.32 eV) and at 10, 20, 25, 40 and 50 eV are reported in chap­
ter 5. The low energy data were analysed using “relativistic” phaseshift techniques. 
The comparison of recent theoretical and experimental investigations of electron 
scattering from xenon to determine if they are in good agreement was part of the 
motivation for this study, however, the major impetus was the proposition that 
relati/istic effects, such as the spin-orbit interaction, could be extracted from an 
exper.ment performed with unpolarised electrons.
Chaprer 6 reports absolute DCS for elastic scattering and vibrational (0-1) excita­
tion from the ground X 1E+ state of CO at energies between 1 and 30 eV. At each 
energ/ the DCS data were integrated to generate integral elastic and momentum 
transfer cross sections. Comparison with recent calculations and other experiments, 
particularly below 5 eV incident energy has been made.
Absolute differential (10°-130°) cross sections for low energy (1-10 eV) electron
Scattering from CO2 are reported in chapter 7. Comparison with another very- 
recent study of this scattering system reveals surprising discrepancies between ex­
periments. Comparisons are also made with recent theoretical calculations.
Some concluding remarks are made in the final chapter and appendix A contains 
copies of the first pages of publications arising from the work presented in this thesis.
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CHAPTER 1
Introduction
Collisions between electrons and gaseous atoms or molecules are fundamental to 
many processes. These range from the gas discharge physics inherent in the opera­
tion of a fluorescent light tube or a gas laser to the behaviour of planetary and stellar 
atmospheres. Applied atomic collision physics is fundamental to the understanding 
and operation of many technologies such as plasma processing, discharge switching 
technology, gas insulators and magnetohydrodynamic electrical power generation. 
With the huge advances in computer modelling of such physical processes over the 
past few years, accurate measurements of electron-atom and electron-molecule inter­
actions have become even more important. Such models are used for optimisation 
and design of processes of economic importance, and without accurate representa­
tions of the fundamental physics their full potential will not be achieved.
Collisions between electrons and atoms or molecules demonstrate some fascinating 
fundamental physics. At low collision energies the theoretical treatments of such 
systems must be fully quantum mechanical. Such treatments usually require the 
solution of large sets of coupled equations and/or extensive approximations. Even 
then, only the advances in computer technology of recent years have enabled solu­
tions of these systems to be approached. Accurate experimental data for the various 
processes which can occur in such systems are vital for evaluating theoretical treat­
ments and their approximations.
Studies of electron scattering from atoms began early this century, the first quantita­
tive study was Ramsauer’s total cross section measurements in 1921. His discovery 
of the marked transparency of the rare gases at low incident electron energy (~1 
eV), also noted by Townsend and Bailey (1922) in swarm experiments, disagreed 
with classical theory. The explanation provided for this effect, now known as the 
Ramsauer-Townsend minimum, was one of the earliest successes of quantum me­
chanical scattering theory (McDaniel 1989).
There have been advances in technology and techniques since those early studies, 
however the fundamental principles of the experiments remain the same (Brunger 
and Buckman 1997). Over the years better instrumentation and vacuum techniques, 
faster electronics and the advances in computer technology which have allowed com-
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puter control of experiments have contributed to a dramatic increase in scattering 
studies since the 1970s. A review of cross section studies up to 1983 can be found 
in Trajmar et al. (1983). More recent discussions of experimental techniques can 
be found in Trajmar and McConkey (1994), Crompton (1994) and Brunger and 
Buckman (1997), and references therein.
Collisions between electrons and atomic or molecular targets are usually investigated 
experimentally by producing beams or swarms of electrons which scatter from target 
atoms and molecules. Some or all of the collision products are detected. Depending 
on the type of experiment the resulting data are often electron-target scattering 
cross sections for a particular process. These processes can include elastic scat­
tering, rotational, vibrational and electronic excitation of the target and electron 
attachment to or dissociation of the target.
In swarm experiments a collection of electrons drifts and diffuses through a gas 
under the influence of an electric field. The drift velocity, Vdr , and longitudinal, 
Dl , and transverse, DT, diffusion coefficients of the swarm through the gas can be 
measured. These transport parameters are all defined in terms of an energy dis­
tribution function. The spatial and temporal distribution of the electron number 
density, 77(2:, £), in the swarm acting under the influence of the electric field is de­
scribed by the transport equation. Determination of this function via solution of 
the Boltzmann equation leads to derivation of a momentum transfer cross section. 
The technique provides information about collective behaviour which is important 
in technological applications, as is the derived cross section. The two major disad­
vantages of swarm techniques are the complexity of the analysis linking the cross 
sections to the transport coefficients, and the increasing spread of electron energies 
in the swarm as the average electron energy increases (Crompton 1994). These lead 
to uniqueness problems once the energy is high enough for there to be several scat­
tering channels open and to difficulties in determining error bounds for the derived 
cross sections, even when there are no uniqueness problems. This poses obvious 
problems for interpretation of electron-molecule investigations where rotational ex­
citation thresholds are only tens of millielectron volts.
Despite these drawbacks, swarm experiments routinely reach electron collision en­
ergies an order of magnitude lower than crossed-beam experiments and, until very 
recently, all beam experiments. The experiments are extremely precise, and in 
combination with sophisticated transport theory can produce cross sections with 
uncertainties of the order of ~l-2%  for certain targets (Crompton 1988). Moreover 
these experiments produce absolute cross sections.
In beam experiments single collision, rather than collective physics, is investigated. 
This makes the analysis of experimental data much simpler than for the swarm 
technique. If the target number densities remain low enough, the scattered electron 
has only interacted with a single target particle. In many electron scattering experi­
ments designed to measure the total cross section, a beam of electrons is introduced
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into a gas cell and the attenuation of the electron beam is measured. In the time- 
of-flight method the electron energy is determined by timing the passage of single 
electrons through the field-free scattering cell. These experiments can provide very 
low energy data, of the order of 100 meV, and very high energy resolution, of the or­
der of 10 meV (see for example Sun et al. 1995, Alle et al. 1996 or the recent review 
paper of Zecca et al. 1997). The technique is limited by time resolution capabilities 
at high energies (E > 50 eV) and low incident electron beam flux at low energies 
(E < 0.1 eV). However, recent experiments using synchrotron photoionisation have 
produced electron beams with energies of tens of meV, with an energy resolution 
of 3.5 meV (see for example Gulley et al. 1998). Other limits on the attenuation 
technique are forward angle scattering effects (Brunger and Buckman 1997) and 
the inability of these experiments to differentiate between types of collision events. 
Thus measurements are restricted to the grand-total cross section of all possible 
collision events at a given energy. Further, neither total nor momentum transfer 
cross section measurements provide information about the angular distribution of 
the scattered electrons.
In a crossed-beam apparatus a beam of electrons is crossed at right angles with a 
beam of target particles and the electrons which scatter from the target are detected 
at various scattering angles. These electrons may be elastically or inelastically scat­
tered, and may be detected in coincidence with a second electron when the target has 
been ionised (e,2e), or a photon after electronic excitation of the target (e,7e). There 
are several variations on the crossed-beam theme. These include polarised incident 
electron beams (Coplan et al. 1994, McCarthy and Weigold 1991, Kessler 1985), 
auger spectroscopy, (e,3e) and recently, laser-assisted electron spectroscopy (see the 
recent review article of Mason 1993). Advantages of the crossed-beam technique 
include a relatively straight forward analysis, differential cross section data over 
a wide range of angles and, usually, the ability to discriminate between various 
collision events. This is true even for some rotational excitation in molecules, for 
example studies of rotational excitation of CO by Sohn et al. (1985) and Gote and 
Ehrhardt (1995). Thus crossed-beam experiments provide the most detailed infor­
mation about individual scattering processes.
As for the total cross section measurements it is difficult to achieve adequate in­
cident electron beam flux at low energies and a fundamental problem for crossed- 
beam experiments is how to determine an absolute scale for the measured, relative 
angular distribution of the scattered electrons. For light atoms relative angular 
distributions can be normalised by phaseshift analysis (see section 4.4). This is 
not, however, a simple procedure at energies above the first excitation threshold. 
Relative differential cross sections can also be normalised to theory. However this 
procedure removes the test of the magnitude of the theoretical calculation. They 
can also be normalised to measured, total cross sections. There are also drawbacks 
to this technique, however. The angular range of a typical spectrometer is generally 
restricted by mechanical factors (discussed in section 3.3) and, for low and high 
angle regions, relative values of the differential cross section must be obtained from
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some extrapolation process. The technique is usually subject to large errors. How­
ever, there is a normalisation technique for providing an absolute scale for the single 
differential cross section. This is the relative flow technique, which compares the 
scattering from a target species to the scattering from a known, “standard” species, 
such as helium. This technique will be described in some detail in chapter 3.
While there has been much interest in the various aspects of low energy electron 
scattering experiment and theory, especially since the development of the reliable 
normalisation technique for differential cross sections, mentioned above, and the 
desk-top work station for scattering calculations, there is a dearth of accurate exper­
imental measurements in the literature, even for quite simple molecules (Buckman 
and Brunger 1997). Such measurements are time consuming and difficult. Exten­
sive coverage of the range of possible processes and energies is an over-whelming 
task and experimental cross section measurements have not kept pace with the de­
velopment of device applications.
The work presented in this thesis was undertaken in the Electron Physics Group at 
the Australian National University. In 1989 this group embarked on a programme 
to measure absolute, low energy differential cross sections for electron scattering 
from a number of atomic and molecular targets of fundamental, technological and 
environmental interest. This thesis presents the results of part of that ongoing pro­
gramme.
Chapter 2 presents a brief introduction to the theory of electron-atom and electron- 
molecule processes relating to the present experimental investigations. Chapter 3 
describes the crossed-beam apparatus used to measure low energy, absolute, dif­
ferential scattering cross sections in the present investigations. This includes a 
description of the relative flow technique used for normalisation of the cross sections.
Recent work by Shi and Burrow (1992) and Gulley et al. (1994) suggested that 
neon could be used as secondary standard in relative flow experiments in order to 
provide a check on the operation of a crossed-beam apparatus. The relative flow 
technique assumes that the two gases under study exhibit equivalent behaviour 
when formed into beams under well controlled conditions of pressure and mean free 
path. If departures from this assumption are only due to disparities in molecular 
weight (Buckman et al. 1993), “standard” gases with molecular weights substan­
tially larger than helium may be useful for studies of heavy atomic and molecular 
targets. Thus, work in argon was undertaken to provide some further accurate abso­
lute cross sections in the low energy region for comparison with other experimental 
determinations and to closely investigate discrepancies with theoretical calculations 
in an effort to determine whether the most recent theories and experiments are in 
good agreement. This work is presented in chapter 4.
Similarly, chapter 5 presents investigations of the low energy differential cross section 
for electron scattering from xenon. Comparing recent theoretical and experimental
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investigations of electron scattering from xenon to determine if they are in good 
agreement was part of the motivation for this study. However, the major impetus 
was the proposition that relativistic effects, such as the influence of the spin-orbit 
interaction, could be extracted from an experiment performed without either spin- 
polarised incident electron beams or by measuring the polarisation of the scattered 
electrons.
Chapters 6 and 7 present absolute, low energy differential cross sections for the elas­
tic and inelastic (vibrational (0-1) excitation) scattering of electrons from carbon 
monoxide and elastic scattering of electrons from carbon dioxide respectively. These 
measurements are compared to other investigations where possible.
Finally, a few concluding remarks are made, and possible modifications of the ap­
paratus discussed.
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CHAPTER 2
Theoretical Treatments
2.1 Introduction
In the course of this project electron scattering from both atoms and molecules 
has been studied. Low energy electron collisions generally require a quantum me­
chanical approach. Any solution of the Schrödinger equation for both low-energy 
electron-atom and electron-molecule scattering must treat exchange, polarisation 
and correlation effects as well as accounting for the electrostatic interactions be­
tween projectile and target. Heavy atomic systems may require solution of the 
Dirac equation to account for relativistic effects. The problems of treating these 
effects, however, pale beside the difficulty of treating electron-molecule collisions. 
Unlike atomic systems, molecular potentials are generally non-spherical, molecular 
wavefunctions have more than one centre of symmetry, and molecules have large 
numbers of open scattering channels at very low energies due to rotational and vi­
brational excitation.
There are many approaches taken to describe the electron-atom, or electron- 
molecule collision process. Articles and reviews abound in the literature, and the 
American Institute of Physics has recently published the Atomic, Molecular and 
Optical Physics Handbook (Drake 1996), a comprehensive guide to the basics of 
atomic physics, both experiment and theory. Various articles, reviews and books 
have been used to prepare this chapter, particularly Burke (1996), McCarthy and 
Weigold (1995), McDaniel (1989) and Morrison (1983). The work for this thesis 
was experimental, and although there has been collaboration with various theoreti­
cal groups during the course of this work, any detailed description of the numerous 
theoretical approaches found in the literature is inappropriate. However, one of 
the aims of electron collision studies is to develop our understanding of atomic and 
molecular structure and interactions. This is usually via a comparison of experi­
ment and theory, thus the following sections give a qualitative introduction to the 
collision process and some of the theoretical approaches to scattering processes in­
vestigated experimentally in the course of this work.
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N targets
N projectiles/cm sec
Figure 2.1: Schematic of the scattering of a monoenergetic parallel beam of 
projectiles from target particles at the origin in the laboratory co-ordinate 
system. After McDaniel (1989)
2.2 Collision cross section
The cross section is a measure of the probability that a given reaction will occur 
under a given set of conditions. For a particular collision it can be defined as the 
ratio of the number of collisions per unit time per unit scatterer to the flux of inci­
dent projectiles.
Consider a monoenergetic, parallel beam of particles incident on NT target parti­
cles located at the origin of a co-ordinate system (see figure 2.1). Assume elastic 
scattering of the incident point particles, Np, and a target density such that tar­
get particles do not shield each other. Further assume that no incident particle is 
scattered more than once, that the target particles are at rest and that they are 
so massive relative to the projectiles that the laboratory and centre of mass frames 
are the same. Then dO,Lab represents an element of solid angle and Ns(9, 4>)dVtLab 
is the number of projectiles scattered into d^ lLab per second. This is proportional
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to the number of incident particles and the number of scatterers. The constant of 
proportionality is the scattering cross section, <rs, thus:
Ns(0, (f>)dClLab — (f))NpNTdQLab (2-1)
The differential scattering cross section (DCS) is defined as:
das(e, (j>) =  <7S(0, (t>)dnLab = Ns(e^ d n Lab (2.2)
iv pl\rp
with dimensions of area. The differential cross section per unit solid angle becomes:
der s 
d^lpab
( M )
Ns(e )^
NpNT
(2.3)
with dimensions of area per steradian. The cross section can then be considered as 
the area presented by each target particle for scattering of the projectiles into the 
element of solid angle.
The integral elastic scattering cross section, Qep is obtained by the integration of 
the elastic differential cross section over all (47r steradians) angles. When the DCS 
is symmetric about the incident axis, as it is for unpolarised projectiles and targets, 
it is independent of the azimuthal angle </> and
Q e i  = [  -j^rdSl = [ [  sin OdOdcf) = 2n f  sin 0d6 (2-4)J dil J J dil J dil
When inelastic scattering channels are open in a scattering process, a grand total 
cross section is defined, which is the sum of the integral cross sections for all the 
open scattering channels.
The momentum transfer cross section is defined as:
r  i r  a
Q m t — /  -^ f ( l  — cos 6)d£l = 2n /  (1 — cos 6) sin QdO (2-5)J d\l J dil
Where (1 — cos 9) represents the fractional change in forward momentum of the pro­
jectile. The momentum transfer cross section is also known as the diffusion cross 
section. Both the integral and momentum transfer cross sections have dimensions 
of area.
2.3 Low energy elastic electron scattering from atoms
Consider the elastic scattering of low energy incident electrons from low-Z  atoms, 
where relativistic effects can be neglected. The Schrödinger equation describing this 
scattering from a target atom with nuclear charge Z and N  electrons is (Burke 1996):
Hn+itf =  EV  (2.6)
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E  is the total energy of the system and the wavefunction of the scattered electron. 
The Hamiltonian is given by:
(2.7)
rij =  |i*j — Tj\ where and are position vectors of the incident and scattered 
electrons respectively, relative to the origin. The origin is the target nucleus which 
is assumed to have infinite mass. Target eigenstates, and their corresponding 
eigenenergies, Wi, satisfy:
Hn is defined by equation 2.7 with iV+1 replaced by N.  The solution of equation 2.6 
corresponding to a scattering process has the asymptotic form:
The incident wave term is the product of the initial state atomic wavefunction 
and the plane wave representing the incident electron with initial wave vector k*, 
magnitude ki along the z axis. The scattering wave term includes contributions 
from all energetically allowed target states and fji(9,(f>) is the scattering amplitude 
for each allowed transition. The equation
defines the differential cross section for a transition from an initial state |i) =  |k*, <$*) 
to a final state | j )  = |kj, $j). Integral and momentum transfer cross sections are 
obtained by integrating over all scattering angles (section 2.2). Thus, once theory 
determines the scattering amplitude for a transition, any cross section can be com­
puted.
The Schrödinger equation for the scattering system is a second-order partial dif­
ferential equation in several variables. To solve this directly is impossible, and 
eigenfunction expansion methods can be used to reduce it to a set of equations 
which only depend on the radial co-ordinate of the scattered electron. A partial 
wave expansion of the total wave function is (Burke 1996):
— WiSij ( 2.8)
(2.9)
j
( 2 . 10)
n
^ (X jv+i ) =  A  $ [ ( x i ,  x N; rx+icrN+ i ) r n+i)
t = i
(2. 11)m
where:
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X tv+i =  x i , x 2, ...,xtv+i represents the space and spin coordinates of all TV + 1 
electrons;
Xi = ri(Ji represents the space and spin coordinates of the zth electron;
A  is an operator which antisymmetrises the summation with respect to exchange 
of pairs of electrons in accordance with the Pauli exclusion principle;
—r
are the channel functions, obtained by coupling the orbital and spin angular 
momenta of the target eigenstates or pseudostates, 'Jq, with those of the scattered 
electron, forming eigenstates of the total orbital and spin angular momenta, their z 
components and the parity operator 7r;
the relevant quantum number, T = LMlSM stt, is conserved in the collision. L 
is the total orbital angular momentum and S is the total spin, while ML and Ms 
are the corresponding magnetic quantum numbers;
Ffj are the reduced radial functions describing the motion of the scattered elec­
tron; and
xf are square integrable correlation functions allowing for additional correlation 
not included in the first expansion, with coefficients 6^.
Substitution of equation 2.11 into the Schrödinger equation, projecting onto the 
functions <f>j and xf and elimination of the coefficients frb produces n coupled 
integro-differential equations of the form:
where is the orbital angular momentum of the scattered electron, and V f , W f  
and X f  are local direct, nonlocal exchange and nonlocal correlation potentials re­
spectively. When the correlation potential from the xf terms in equation 2.11 is 
not included then equations 2.12 are often called the close coupling equations.
The scattering amplitude, and hence the cross sections, are found by solution of 
equation 2.12. The reduced radial functions are subject to the reaction matrix 
(if-matrix) asymptotic boundary conditions:
Ffj ~  hi 2 (sin 0i6tj +  cos OiKf) open channels > 0
J r —V n o  J (2.13)
Ff  ~  0 closed channels /q2 < 0
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where
Qi = h r  -  -liTT +
Zt
Z - N
ln(2hr)  +  argT ( +  1 - i(Z -  N)
(2.14)
These boundary conditions (equation 2.13) together with equation 2.12 are the 
Lippmann-Schwinger integral equation. The scattering matrix (5-matrix) and the 
transition matrix (T-matrix) are related to the /Cmatrix by the matrix equations:
r _  I + iK^
I - z K r
T r = Sr -  I =
2iKr 
I -  iK r
(2.15)
where the Hermicity and time reversal invariance of the Hamiltonian ensures K r is 
real and symmetric and Sr is unitary and symmetric. Here I is a unit matrix.
The scattering amplitude is expressed in terms of transition matrix elements:
= -(4 » )2<k,|T|k,> (2.16)
However, for elastic scattering by a neutral atom in a *S ground state, the expression 
for f(0) reduces to (Burke 1996):
1 oo
/ W  =  2ik ^ (2i +  1)(e2i”' "  1)P|(cos0) (2 1 7 )
where l is the quantised angular momentum of the scattered electron, k it’s wave 
number, rft the phaseshift and Pi(cosO) the Legendre polynomial of degree l. From 
equation 2.10, the differential cross section then becomes:
da
d£l
1 ypl + l)elT]l sin rjiPi(cos 0)
/=o
(2.18)
which is, of course, the well known equation for the DCS derived from the method 
of partial waves. The solution of the Schrödinger equation by the method of partial 
waves can be found in most texts on atomic physics, see e.g. McCarthy and Weigold 
(1995), McDaniel (1989) and Bransden and Joachain (1983). The corresponding 
integral elastic and momentum transfer cross sections are then:
47T
Qei = y W  +  1) sin2(r]i)
Z=0
(2.19)
and
4 71” ^
Q m t = p -  y { l  +  1) sin2 (77/ -  m+1) ( 2 .20)
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Once the scattering problem is formulated attention turns to the representations 
of the scattering potentials, which may be roughly characterised by the region of 
space in which they predominate. “Short range” static and exchange effects domi­
nate close to the target. Exchange and correlation potentials are non-local and the 
exchange potential vanishes exponentially at large r. A non-local potential is one 
which is energy dependent, because it involves an integral over the wavefunction 
of the scattered electron (McDaniel 1989). The static potential is the electrostatic 
interaction between the projectile and the target, assuming the incident electron 
does not perturb the target. This potential also vanishes exponentially. The po­
larisation potential is associated with the distortion of the target which must occur 
in response to the incident electron. This distortion is a long range effect, and the 
potential is given by (McDaniel 1989)
V(r)  ->
r —» oo
1 a
2 r*
( 2 .21)
where a is the dipole polarisability. There are many potentials for describing the 
interactions between particles, some relatively simple, see for example the lists com­
piled in Flannery (1996) or McDaniel (1989), and some very complicated, see for 
example Lane (1980) and Burke (1994) and references therein.
2.3.1 Relativistic effects
As the atomic targets get heavier, i.e. as the nuclear charge, Z , of the target in­
creases, relativistic effects become important. There is a direct relativistic distortion 
of the wave function describing the scattered electron by the strong nuclear poten­
tial and there is an indirect effect caused by the relativistic change in the target 
charge distribution. Moreover L and S are no longer conserved, J  =  L +  S becoming 
the “good” quantum number. In fact, the spin-flip process is allowed because S is 
no longer conserved.
Intermediate Z  atoms may be treated by either adding relativistic terms to the 
Hamiltonian or by re-coupling of the K -matrices to yield transitions between fine- 
structure levels (Burke 1994, 1996). However, for high Z  atoms the Schrödinger 
Hamiltonian must be replaced with the Dirac Hamiltonian.
Application of the method of partial waves to a symmetric potential again gives 
rise to relatively simple equations for relativistic scattering. The differential cross 
section is given by
% = \ m \ 2 + m \2
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( 2.22)
where f(9) and g(9) are the direct and spin-flip amplitudes respectively.
f(6) = j  (Z + l)e17?I+ sin rtf + lelTJl sin 77^  Ip* (cos#) (2.23)
1=0  ^ ^
g(9) = — (eIT7' si nrji — et7?I+ sin 77^  |  P / (cos 9) (2.24)
rjf are the spin-up and spin-down phaseshifts and P/(cos#) are the associated Leg­
endre polynomial functions. The corresponding total and momentum transfer cross 
sections are then:
and
(/ + 1 ) sin2 77+ + l sin2 rjl | (2.25)
_  4tt y  ^ f (,l + !)(/ +  2) 
^  k2 (2/ + 3)
sin - V 1+1)
1(1 T  1)  . 2 /  -  -  \
+ (2/T T ) sm {"'
+ (21 +  lX2i +  3) sin2(,?l+ ~  r?i+l ) }
(2.26)
2.3.2 Other effects
Another effect on the elastic scattering cross section which theoretical approaches 
must consider is that of temporary negative ions, or resonances. These arise from 
the temporary attachment of the incident electron to the atom. For direct scattering 
the phaseshifts, and hence the cross sections, are usually slowly varying functions 
of the incident electron energy. However, the occasional rapid variation in one, or 
several, phaseshifts can have an effect in the cross sections in the form of a rapid 
variation over a small energy range, referred to as a resonance.
The position of the poles in the T-matrix are determined by details of the potential 
V, and a resonance may be considered a state of the compound electron-target 
system with a definite orbital angular momentum, l (McCarthy and Weigold 1995). 
The probability of finding this compound system at an energy, P, is a Lorentzian 
distribution about er , with a full width at half maximum of Tr . Application of the 
uncertainty principle provides the corresponding uncertainty in the lifetime for the 
resonant state, r r , where:
Tr Tr ~  h  (2.27)
A resonant state has at least enough energy to decay into the target system and an 
electron with the initial incident energy, unlike a bound state of the system. The
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width of the He- ls(2s2)2S resonance used for calibration of the scattering appa­
ratus (section 3.3.5) is 11.0 ±  0.5 meV (Kennerly et al. 1981), corresponding to a 
lifetime of 6.0 x 10-14 s. This is much longer than the time taken for an electron 
to cross the target region, which is about 10-15 s for a 1 eV electron, and justifies 
the concept of resonances as compound states. An extensive discussion of atomic 
negative-ion resonances can be found in Buckman and Clark (1994).
Thresholds for inelastic scattering processes may also influence elastic scattering 
cross sections. Cusps or rounded steps may appear in the cross section as a function 
of energy. Even below the energy threshold for a new scattering process virtual 
transitions may take place according to A t «  hAE. Here AE  is the energy deficit 
and A t is the time in which energy conservation may be violated (McDaniel 1989).
2.4 Approximation methods
Exact solution of equation 2.12 is not possible since the sum over l is infinite. 
There have, therefore, been many approximation methods developed. The general 
methods used by theorists to describe scattering systems studied in this project 
are described in the following subsections, although this is not a comprehensive 
list by any means. Further information may be found in Drake (1996) and various 
theoretical reviews, including Lane (1980), Gianturco and Jain (1986) and others 
mentioned in section 2.1.
2.4.1 The Born approxim ation
The method due to Born (1926) makes the basic assumption that the scattering 
potential is small and hence the interaction between particles may be treated as a 
perturbation. This is the case for high incident energy collisions and extremely long 
range interactions, which is why it is often used to calculate high-order phaseshifts. 
However, it may also be partially applicable to some low energy collisions where a 
long-range part of the interaction potential dominates, for example the dipole in­
teraction in low energy electron-polar molecule collisions. An example of this is the 
reasonably accurate results for very small angle inelastic scattering from CO (see 
figure 6.10).
In this approximation both the incident and scattered waves are treated as plane 
waves which remain undistorted by the interaction and electron spin and exchange 
effects are ignored.
The approximation may be extended by taking higher order terms of the Born series 
(Burke 1996, McDaniel 1989) or by including exchange. This was first introduced 
by Oppenheimer (1928), leading to the Born-Oppenheimer approximation. It is not 
very satisfactory because the initial and final states are not orthogonal. As a result, 
the addition of any constant to the interaction potential gives a non-zero change
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in the exchange amplitude, g(0), and the approximation tends to overestimate the 
cross sections.
2.4.2 The polarised orbital approximation
This method attempts to incorporate the essential physics of the scattering process 
into the form of the wavefunction. As the electron approaches the target it induces 
electric multipole moments which, in turn, affect the electron motion. The method 
uses a trial wavefunction of the form:
¥  = A{[$i  + <t>i}F(r)} (2.28)
where fa gives the polarisation distortion of the unperturbed target with wavefunc­
tion 4>j during the collision, and F(r) is the wavefunction of the scattered electron. 
<j>i can be calculated by perturbation theory using a multipole expansion, then used 
to calculate an effective polarisation potential. This approximation is the basis 
of the theoretical calculations for elastic electron scattering from xenon by R. P. 
McEachran and L. A. Parcell (Buckman et al. 1997, Gibson et al. 1998), as de­
scribed in chapter 5.
2.4.3 Close-coupling approximations
Equation 2.12 is, in principle, a set of infinite coupled equations. It can, however, 
be truncated to obtain a finite set of equations, ideally small enough to be solved 
on a computer. The major role of the “higher” expansion terms is to participate 
in the polarisation during the collision (Lane 1980), hence a way of replacing the 
potentially infinite number of higher terms must be found. One replacement method 
uses “pseudostates”, carefully chosen to account for the polarisability of the target 
and the effects of open channels lost in the truncation. Another replacement adds 
an absorption or optical potential to account for flux lost into the open channels.
2.4.4 Convergent close-coupling
As described by Bray (1995) and McCarthy and Weigold (1995) the convergent 
close-coupling (CCC) method “simply involves solution of the Lippmann-Schwinger 
equations” (equations 2.12 and 2.13). The equations are, however, solved in 
terms of smooth functions in momentum-space rather than oscillatory functions 
in co-ordinate space. The true target states are replaced with square-integrable 
configuration-interaction states or pseudostates obtained by diagonalising the target 
Hamiltonian in a square-integrable basis set. This reduces the problem to devising 
numerical schemes to allow the basis set to be large enough to achieve the desired 
accuracy in the T-matrix elements (Bray 1995). This method has been tested on 
the light atoms, hydrogen and helium, and some H- and He-like atoms, Li, Na and 
Mg.
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2.4.5 /^-matrix method
In this method configuration space is divided into two regions by a sphere of ra­
dius a. This is chosen such that the direct potential has achieved it’s asymptotic 
form and that exchange and correlation potentials are negligible for r > a. Then, 
for r > a, the collision is described by coupled differential, rather than integro- 
differential equations, often having analytical solutions. The aim is then to calculate 
the R -matrix by solving equation 2.12 in the internal region and then matching to 
the solution in the external region.
The R -matrix R^j(E) is defined by:
The problem is solved by expanding the wave function over a set of radial ba­
sis functions and diagonalising the resulting matrices as for other close coupling 
methods. It can also be solved in the inner region using matrix variational tech­
niques (Morrison 1983). This approximation is the basis of theoretical calculations 
for scattering from CO by L. A. Morgan (Gibson et al. 1996), described in chapter 6.
2.4.6 Matrix variational methods
The complex Kohn variational method begins with the expansion equation 2.11 
where the reduced radial functions are chosen to satisfy complex T-matrix asymp­
totic boundary conditions. An integral is then defined in terms of the radial func­
tions and equation 2.12. This in turn defines a functional in the T-matrix which is 
made stationary for small variations about the exact solution. The reduced radial 
functions are expanded in a set of basis functions, with the T-matrix elements de­
termined as variational parameters (Burke 1996, Rescigno 1994, Nesbet 1983).
The Schwanger variational method is based directly on the Lippmann-Schwinger in­
tegral equation. The T-matrix form of the Lippmann-Schwinger equation includes 
a multichannel outgoing wave Green’s function which may be found from numer­
ical solution of the asymptotic close-coupling equations. It can also be written to 
include reduced radial functions chosen to satisfy complex ingoing wave bound­
ary conditions. These combined yield a functional in the T-matrix which is made 
stationary for small variations about the reduced radial functions (Burke 1996, Luc- 
chese et al. 1983, Nesbet 1983).
2.4.7 Many-body calculations
Many-body perturbation theory may be used in calculations of electron scattering. 
The Hamiltonian is split into an unperturbed part, H0 and a perturbation H '.
(2.29)
H = H0 + H' (2.30)
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The complete set of unperturbed states are then used to calculate the eigenstates 
and eigenvalues for H in a perturbation expansion (Kelly 1985). In the approach of 
Johnson and Guet (1994), the initial spherically symmetrical potential is modified 
by the scattered electron. The correction to the initial potential is the electron self­
energy. This, when added to the initial potential defines an optical potential. The 
interaction of electron and optical potential is then governed by the quasi-particle 
equation. This equation is a single-particle equation. The electron self-energy is cal­
culated and the quasiparticle equation is solved in second-order perturbation theory.
2.5 Scattering from molecules
Section 2.3 describes the formulation of the problem for electron scattering from 
atoms. In this course of this project elastic and inelastic (ro-vibrational) electron 
scattering from molecules was also studied. Molecules in general have very low 
energy thresholds for inelastic processes and hence many open scattering channels. 
Perhaps most importantly from a theoretical point of view they are usually non- 
spherical and always involve a multicentre electron-molecule interaction potential. 
As a result there is a question of which co-ordinate system should be used to for­
mulate the scattering problem. The dynamic nature of the motion of the incident 
electron and the nuclei means the Schrödinger equation is non-separable, making 
numerical solution extremely difficult.
2.5.1 Reference frames
The molecular Schrödinger equation is:
(Hm + Te +  V )*  =  E *  (2.31)
where Hm is the molecular Hamiltonian, Te is the kinetic energy operator of the 
scattered electron and V is the electron-molecule interaction potential. To solve 
equation 2.31, the theory may be formulated in the laboratory frame of reference 
and a set of coupled radial integro-differential equations obtained, analogous to 
equation 2.12 for atoms (Burke 1996). This incorporates the effects of nuclear 
motion on the electron which is allowed to respond dynamically to the motion of 
the nuclei. This method, however, requires the incorporation of huge numbers of 
rotational and vibrational nuclear quantum states, as well as energetically inaccessi­
ble states corresponding to the polarisation, which complicates the implementation 
(Morrison 1983).
For a rigorous treatment of molecular structure it is necessary to include the in­
teraction of electronic, vibrational and rotational motion in the molecule. How­
ever, because the frequencies of the motion differ by orders of magnitude their
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interaction is relatively weak and in the first approximation the nuclei may be re­
garded as stationary. This is the Born-Oppenheimer approximation (unrelated to 
the inclusion of exchange in electron scattering calculations which is also called the 
Born-Oppenheimer approximation). This approximation is also referred to as the 
Born-Oppenheimer separation, as the motion of the nuclei and the electrons may 
be regarded as separated. The energy of a particular electronic state is calculated 
for different relative positions of the nuclei. The vibrational levels corresponding to 
the state are then calculated using the electronic potential curve and the rotational 
states are introduced as splitting of the vibrational levels (McDaniel 1989).
Invoking this separation of the electronic and nuclear motion, the electronic motion 
is first determined with the nuclei held fixed, hence it is also called the fixed-nuclei 
approximation. It can be adopted when the collision time is much shorter than the 
periods of molecular rotation and vibration. It is not valid when the energy is close 
to a threshold or corresponds to a resonance.
The molecular Schrödinger equation in the fixed-nuclei approximation is formulated 
as:
(Hel + Te + V)V = EV
H m = H ei - f  Tr
(2.32)
where Hm is the molecular Hamiltonian, Hei is the electronic part of the target 
Hamiltonian when the molecule has fixed nuclei with co-ordinates R, Te is the ki­
netic energy operator of the scattered electron, V  is the electron-molecule interaction 
potential and Tr  is the kinetic energy operator for the rotational and vibrational 
motion. R  are usually formulated in the molecular or body frame. Solution of 
equation 2.32 then proceeds analogously to the solution for scattering from atoms 
using the same approximation methods.
In the frame-transformation procedure the fixed-nuclei approximation is only made 
in the vicinity of the nuclei, e.g. immediately outside the molecular charge cloud. 
Here the incident electron may be considered indistinguishable from the molecular 
electrons and the complications of the nuclear motion may be ignored by application 
of the Born-Oppenheimer approximation. At some boundary the solution is trans­
formed to the laboratory frame, the nuclear motion portion of the Hamiltonian is 
introduced, and the solutions continued to the asymptotic region. Frame transfor­
mation methods are discussed in Morrison (1983) and Lane (1980). The boundary 
is chosen such that “nuclear” effects may be ignored inside, while exchange effects 
may be ignored outside. There are also angular-frame transformation theories where 
the partitioning is based on the orbital angular momentum quantum number of the 
scattering electron, l.
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2.5.2 Nuclear motion
One way to obtain cross sections dependent on the nuclear motion (e.g. rotational 
and vibrational cross sections) is to use the adiabatic nuclei approximation. When 
the Born-Oppenheimer approximation is valid the collision is regarded as “fast” , 
in that the collision time (~10-15 s) is much shorter than the period for nuclear 
rotation (~10-12 s) or vibration (~10~14 s). The electron adiabatically responds 
to the instantaneous position of the nuclei (Lane 1980) and is thus not sensitive 
to the instantaneous momenta of the nuclei. In this way the fixed-nuclei approx­
imation is made through all space. Once the fixed-nuclei scattering amplitude is 
calculated the effects of the nuclear Hamiltonian are introduced approximately by 
“averaging” the fixed-nuclei amplitude over the nuclear co-ordinates, R. There is a 
weighting factor in the averaging of the product of the initial and final target states 
(Morrison 1983, Lane 1980).
While the close-coupling procedures are more accurate they are often impractical 
because they require the solution of huge numbers of coupled equations. The adia­
batic nuclei approximations on the other hand rely on assumptions which are often 
invalid, they fail near thresholds and resonances, for highly excited nuclear states, 
and for strongly polar targets. There have been hybrid approaches which partition 
the problems in various ways, for example the treatment of resonance scattering with 
close-coupling theory while the remainder of the problem is treated in the adiabatic 
nuclei approximation (Chandra and Temkin 1976a and 1976b). Or the inclusion of 
a kinetic energy operator, TVib, for the nuclear vibrational motion in equation 2.32 
while continuing to treat rotational motion adiabatically (Burke 1996).
Resonances can strongly enhance inelastic processes. A non-local optical poten­
tial can be derived by application of resonance theory to the ro-vibrational close­
coupling equations (Nesbet 1983). Resonance theory is discussed in Burke (1996) 
and Temkin (1996). This optical potential is simplified to a local complex-valued 
potential function in practice.
In the R-matrix method vibrational motion can be included by derivation of a vi­
brational R-matrix from the fixed-nuclei electronic R-matrix (Schneider et al. 1979). 
A sequence of fixed-nuclei calculations is carried out on a grid of internuclear sep­
arations. It is then possible to compute a vibrational R-matrix and the implied 
5-matrix for vibrational scattering (Nesbet 1983).
It is evident that there are many approaches to electron-atom and electron-molecule 
scattering theory. This chapter has merely introduced several approaches important 
in those theoretical calculations relevant to the studies undertaken in the course of 
this experimental project.
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CHAPTER 3
Apparatus and Procedures
3.1 The apparatus
The apparatus used in this project is an electron spectrometer for measuring dif­
ferential scattering cross sections. It was originally constructed in 1986. Over the 
years it has been modified to allow access to a greater range of scattering angles, 
to allow application of the relative flow technique and to take data under computer 
control. The apparatus was fully described by Gulley (1994), and as a result this 
chapter will provide an overview of the apparatus and the methods used to obtain 
data. Only those modifications made during the course of this project will be de­
scribed in any detail.
The apparatus is a crossed-beam design in which a collimated, energy selected beam 
of electrons is crossed at right angles with a target (atomic or molecular) beam 
effusing from a capillary array (figure 3.1). The scattered electrons are detected by a 
channel electron multiplier at the exit of an electron analyser. This analyser rotates 
around the target beam axis, allowing an angular range of approximately —20° to 
130°. Experiments are performed under computer control, with custom written 
programs handling data acquisition and the physical control of moving elements.
3.1.1 Vacuum system and physical characteristics
The experiment is performed in a high vacuum chamber. The experimental chamber 
is a cylindrical, non-magnetic (grade 310) stainless steel chamber 0.7 m in diameter 
and 0.5 m high. The chamber is pumped by a turbomolecular pump with a pumping 
speed of 550 1/s (Balzers TPU 510 U Plasma), mounted on the top of the chamber. 
This high pumping speed is required because the dynamic nature of the experiment 
produces a constant load on the pump under normal operating conditions. The 
turbomolecular pump is backed by a two-stage rotary-vane pump (Balzers DUO 
016B/Halogen resistant).
The materials used in the construction of the spectrometer elements and gas supply 
lines were chosen with the maintenance of the vacuum in mind and are bakeable to 
the order of 120 °C, the temperature at which Teflon® becomes malleable, with the
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Figure 3.1: View of the apparatus showing the monochromator, analyser and 
interaction region.
possibility of “slumping” . Teflon(g)-coated copper wire was chosen inside the cham­
ber as a compromise between vacuum compatibility and flexibility. Alternatives, 
such as glass-sheathed Cu wiring, while compatible with higher vacuum, would be 
inflexible for the moving electron analyser. The electron optical elements are made 
from stainless steel and molybdenum. Where stainless steel elements are exposed to 
the electron beam they are covered with molybdenum shim to ensure an even sur­
face potential. Fifteen feedthroughs are located at the base of the chamber, thirteen 
multi-pin electrical, providing power to the spectrometer and other components, one 
allowing movement of the turntable on which the analyser is mounted and one for 
moving the Faraday cup which monitors the beam current. “Baking”, raising the 
temperature of the apparatus over 100°C, accelerates outgassing of the metal sur­
faces, thereby helping to achieve lower base pressures. Heating is achieved using a 
combination of internal bi-filar heaters (Thermocoax) and heating lamps (Philips 
24V, 250W), external fibre-glass heating tapes wrapped around the experimental 
chamber and gas lines, and heating lamps (Philips 230V, 250W), which are usually
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Figure 3.2: View of the exterior of the apparatus showing Helmholtz coils, 
co-netic shielding, gas ballast tanks and pneumatic gas control valves.
placed under the chamber. Thermocouple sensors (type K, nickel-chromium versus 
nickel-aluminium), in combination with a digital thermometer (Omega Engineering 
Inc. model 115KC) are used to monitor the temperature at various locations within 
the apparatus. The need for this procedure is minimised by always using high purity 
nitrogen to raise the pressure from high vacuum to atmospheric when the appara­
tus needs maintenance or modification. This avoids the initial adsorption of water 
vapour onto the walls of the chamber. The base pressure can reach 2 x 10-9 torr 
after the system has been baked and it is continually monitored by a Bayard-Alpert 
ion-gauge.
A vacuum safety interlock acts to protect delicate electrical components of the 
experiment. This interlock shuts down the high voltage power supply to the channel 
electron multiplier (Channeltron or CEM), the filament (electron source) power 
supply and closes the pneumatic gas valves in the gas supply system. The interlock 
operates if the pressure, monitored by the ion-gauge, rises above a set value, usually 
2 x 10~4 torr, or if the power fails. Under normal operating conditions, when gas 
is being admitted, the chamber pressure is typically 2 x 10~5 torr. If the electricity
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supply is restored before the interlock is reset, the filament protection circuit of 
the ion-gauge controller ensures that power is not restored to the interlock if the 
pressure of the chamber has risen above that required to allow safe operation of the 
ion-gauge filament. The most recent addition to the interlock system is a pneumatic 
valve which closes the backing (forepump) line. This installation was necessary after 
a backing pump failure resulted in the interlock operating but failing to protect the 
system from backing pump oil creeping up the backing line.
3.1.2 Magnetic shielding
The path of a moving electron is affected by magnetic fields. In a magnetic field of 
0.5 gauss (5 x 10-6 tesla), the typical field strength of the earth’s magnetic field in 
this laboratory, the path of an electron with a kinetic energy of 1 eV describes a 
spiral with a radius of approximately 3.4 cm. Given that the electron beam must 
be transported over distances of the order of 15 cm, is it is clear that the effects of 
this magnetic field need to be countered.
To counter the earth’s magnetic field the vacuum chamber is surrounded by three 
pairs of square Helmholtz coils arranged in a mutually orthogonal fashion (fig­
ure 3.2). The side length of each coil is approximately 2 m and the spacing between 
the pairs corresponds to 0.54 times the length of one side, which is the prescribed 
“Helmholtz spacing” for square coils (Firester 1966). The current in each pair of 
coils is adjusted until the magnetic field in the centre of the interaction region reads 
zero as measured by the probe of a flux-gate magnetometer (Schönstedt model 
DM2220) with a resolution of 10-9 tesla.
The cylindrical vacuum chamber is also surrounded by co-netic shielding (Perfection 
Mica Corp.) (figure 3.2), and there is also a cylinder of co-netic shielding inside 
the chamber. This nickel-iron alloy is a high permeability material and acts to 
further shield the apparatus from fluctuations in local magnetic fields. The external 
shielding is degaussed whenever it has been stressed, e.g. after removal to allow 
access to the apparatus, by passing 30A of AC (50Hz) current for about 2 minutes 
through cables inductively wound around the shield walls.
3.2 Electron optics
The principles of electron optics are well known and basic design criteria for elec­
tron optical systems can be found in many texts (e.g. Klemperer and Barnett 1971, 
Roy and Carette 1977, Hawkes and Kasper 1989). The details of the optics of the 
present system were reported in Gulley (1994) and will only be summarised here. 
The electron optics were designed using the parameters of Harting and Read (1976).
The electron optical system consists of an electron monochromator, to produce a 
high resolution electron beam in the energy range 0.5 to 50 eV, and an electron
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analyser, essentially the reverse analogue of the monochromator, to determine the 
energy distribution of the scattered electrons. The monochromator comprises an 
electron source, a set of optics to collimate the electrons and focus them onto the 
entrance plane of an energy selector and a second set of optical elements to trans­
port the electron beam from the selector, focus it onto the interaction region and 
set the final energy of the beam. The first set of optics is known as the “gun assem­
bly”, and the set following the energy selector is known as the “target assembly”. 
The analyser comprises an “analyser assembly”, which sets the acceptance energy 
for scattered electrons and focuses them onto the entrance plane of an energy anal­
yser, and a “channeltron assembly” to accelerate and focus the electrons exiting 
the energy analyser onto the detector entrance. The detector is a channel electron 
multiplier.
3.2.1 Electron Monochromator
Electrons are produced from a conventional thermionic emission source, a hairpin 
filament of thoriated tungsten of diameter 0.1 mm. While other emitters are avail­
able the thoriated tungsten filament has a low work function, is easy to use and 
replace, is relatively inexpensive, spatially localises the electron emission and is re­
sistant to oxygen-bearing species. As a result it is not easily poisoned by molecular 
and/or corrosive gases, unlike alkaline-earth-oxide or carbonate emitters. In com­
parison to a pure tungsten filament it operates at a lower temperature, so that the 
Maxwellian distribution of the emitted electrons is narrower. The filament can be 
biased with respect to ground to account for contact potential effects between it 
and other electron optical elements.
As mentioned above, electrons are extracted from the region around the filament 
by a triode stage consisting of a Pierce element (Pierce 1949), a grid and an anode. 
This triode stage uses relatively high voltages (approximately 60 V) to extract the 
broad energy distribution beam. The electron beam must then be collimated and 
focused onto the entrance plane of the energy analyser, and the high extraction 
voltage must be reduced to the relatively low voltage required for optimal operation 
of the energy selector (approximately 1 to 2 V mean energy). The gun optics con­
sists of two three-element aperture lenses which focus the electron beam from the 
triode source onto the entrance of the energy selector, at the same time retarding 
the beam energy (figure 3.3). The beam is collimated by judicious placement of two 
apertures in the field-free region separating the two lenses. The properties which 
are required at the entrance plane of the energy selector are a fixed image position 
and magnification, a variable input energy and control over the beam angle. Two 
three-element lenses with a common central element, equivalent to a five-element 
lens, were required as N  + 1 independently adjustable parameters are required to 
control N  optical properties of an image in an electrostatic lens system, (Read 1983).
The energy selector is an electrostatic hemispherical analyser (Purcell 1938), a com-
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Figure 3.4: View of the  scattered  electron energy analyser emphasising the 
input optics, the inner hemisphere and the field correction hoops.
mon choice for production and analysis of low energy electron beams for scattering 
experiments. The selector design includes field correction hoops within the hemi­
sphere to correct for fringing effects at the entrance and exit planes of the selector 
(Brunt et al. 1977c). The hoops are required to correct for the mismatch which oc­
curs between the cylindrical geometry of the electron optics and the hemispherical 
analyser. Figure 3.4 is a view of these correction hoops and the inner hemisphere 
of the energy analyser, the design of which is exactly the same as the energy se­
lector. The circular electrode hoops are adjacent to the entrance and exit plane, 
within the hemispherical region, and their operating voltages are determined from 
the expression:
V(r) =  Vm ( ^  -  l )  ' (3.1)
where r is the radius of the edge of the hoop closest the electron beam, Vm is the 
mean selector energy and Rm is the selector mean radius.
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To transport the now highly resolved electron beam from the exit plane of the se­
lector to the interaction region (figure 3.1), a target assembly of two, three element 
lenses is used, with the same optical properties needing to be controlled as in the 
gun assembly. Again two apertures are used to further collimate the electron beam 
in the target assembly. The target optics are constructed using cylindrical lenses. 
The angular range is constrained mechanically since, at angles greater than 130°, 
the electrostatic shielding of the electron analyser comes into contact with the elec­
trostatic shielding of the electron monochromator and, at approximately —20°, the 
analyser shielding comes into contact with support pillars inside the experimental 
chamber. The original design of the target optics used aperture lenses, which were 
substantially larger than cylinder lenses, and the angular range was restricted to 
angles less than 110°. The second lens in the target optics is a zoom lens, allowing, 
in principle, the image position to remain constant while the image energy varies 
between 500 meV and 50 eV, as selected by the final element of the target assembly 
(Harting and Read 1976).
To maintain the image magnification as well as the image position, a fourth electrode
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is required to provide another adjustable voltage ratio (Hawkes and Kasper 1989). 
Here there are only three-element lenses, and as a result there is no control of the 
magnification of the image. To facilitate change between accelerating or retarding 
of the final electron beam energy with respect to the field free region of the tar­
get assembly, the three-element zoom lens has a movable lens centre such that it 
may have the object and image distance equal (symmetric mode), or the object 
distance slightly longer than image distance (asymmetric mode). When operating 
in symmetric mode the magnification of the lens is always around —1 (Gulley 1994), 
however operation in the asymmetric mode results in magnifications < —1. Fig­
ure 3.5 is a view of the monochromator showing the aperture lenses.
The volume where the incident electron beam intersects the molecular beam is 
defined as the interaction region. Based on measurements of the gas beam 
(Buckman et al. 1993) and calculated maximum magnification of the target zoom 
lens (Gulley 1994), the interaction region has a width of approximately 1.5 mm. 
A cylindrically shaped mesh, known as the target region, surrounds the interaction 
region (figure 3.1). This Faraday cage is maintained at beam energy and is designed 
to eliminate any stray fields by enclosing the exit of the monochromator, the en­
trance of the energy analyser and the capillary array, from which the gas effuses, in 
an electrostatic field free region. The entrance cone of the analyser penetrates the 
target region by means of a slit in the mesh which extends over the entire angular 
range of the analyser.
The electron beam passes through the interaction region and enters a Faraday cup 
(figure 3.6). The cup acts as both a beam dump and a current monitor. It consists 
of two concentric cylinders. The outer cylinder is 60 mm long with an inner diame­
ter of 8 mm and the inner cylinder is solid with a diameter of 6.5 mm and a length 
of 20 mm, with the final 5.6 mm of that cylinder tapering to a sharp point. Both 
parts of the cup are constructed of stainless steel (310). The voltage on the inner 
cup is 30V while the outer cup is maintained at beam energy. The cup is positioned 
on the electron beam axis and this constrains the movement of the electron energy 
analyser to a minimum scattering angle of approximately 60°. However, the cup 
is mounted on a swinging arm which can move it away from the interaction region 
under the control of a stepper motor, allowing the analyser to access forward scat­
tering angles, to approximately —20°.
3.2.2 Electron Analyser
The analyser assembly accepts electrons scattered from the interaction region. This 
assembly again contains two three-element cylinder lenses which focus the scattered 
electrons onto the entrance plane of the energy analyser. The entrance apertures to 
the electron optics, which define the interaction region viewed, are separated by 10 
mm. The first aperture, the physical entrance to the analyser, is 0.5 mm diameter 
and 23 mm from the centre of the interaction region, while the second aperture has
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Figure 3.6: View of the target region showing the Faraday cup aligned on the 
electron beam axis.
a diameter of 0.75 mm. Using extreme rays the (plane) maximum acceptance angle 
is 7.2° viewing an interaction region of maximum diameter 3.38 mm (estimated solid 
angle is 9.5 x 10-4 steradians). Treating the 0.5 mm diameter entrance aperture as 
a simple geometric aperture and calculating from the centre of the second aperture, 
the maximum plane acceptance angle should be 2.9° with an interaction region di­
ameter 1.65 mm (estimated solid angle 1.6 x 10-4 steradians). This is based on 
a magnification of 1 for the zoom lenses of the analyser and the monochromator 
(Gulley 1994). Using either of these estimates it is clear that the whole interaction 
region, with a maximum width of 1.5 mm (section 3.2.1), should be seen by the 
analyser. However, as will be shown in chapter 4 the apparent angular resolution 
of the apparatus appears much better than either of these figures, on the order of 
1°, probably because the actual target region is much smaller than the maximum 
possible viewing region.
The first lens of the analyser assembly is again a zoom lens, in this case to allow 
the image position to remain constant while allowing the acceptance energy of the
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scattered electrons to vary. The object of this lens is the second of the defining 
apertures. The energy analyser is a hemispherical energy analyser of exactly the 
same design as the energy selector of the monochromator (figure 3.4). The final, 
channeltron lens assembly is a simple three-element lens designed to accelerate and 
focus the energy analysed electrons into the channeltron (figure 3.7). Acceleration 
is required as the efficiency of the channeltron is optimised for incident electrons of 
approximately 100 eV.
Figure 3.7: View of the channel electron multiplier mounted in its box.
3.2.3 Counting electronics
The output signal of the channeltron is coupled to the counting electronics via a 
pulse pick off box (figure 3.8). Pulses generated by the channeltron via the pick off 
box have an amplitude of approximately —10 mV. These are amplified by a factor 
of 20 by a pre-amplifier (Ortec Model 9310) and passed through a constant-fraction 
discriminator (Ortec model 473A). Output from the discriminator is counted by 
either a timer and counter (Ortec Model 996) or a multichannel analyser (Tra- 
cor Northern Model TN-7200), and is monitored on a ratemeter (Tennelec Model 
TC525).
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3.2.4 Gas Handling System
Figure 3.9 is a schematic of the gas handling system. Ultra-high purity gas is trans­
ferred from commercial high pressure cylinders to large volume (125 litre) ballast 
tanks, where it is stored at a pressure of 300-500 torr (40-70 kPa). These tanks 
provide a stable, low driving pressure for the molecular beam source. The driv­
ing pressure is set manually by precision leak valves (Granville Phillips series 203) 
and measured by a temperature controlled (50° C) MKS Baratron pressure gauge 
(Model 315BD-00010-SPMC with a 270B Signal Conditioner and a Type 272 Tem­
perature Controller) located immediately upstream from the entrance of the gas to 
the chamber via a capillary array. Driving pressures are typically 0.2 to 1.0 torr, 
but may be as high as 2 torr. A third, 20 litre, gas ballast tank containing high 
purity nitrogen has been added to the gas handling system. This gas is used for 
calibration of the electron beam energy at low energies. This process is described in 
section 3.3.5. The driving pressure for nitrogen is also set manually by a precision 
leak valve.
For scattering signal measurements the gas is routed to the interaction region at the 
centre of the chamber via a multi-capillary array (figure 3.10). At other times, and 
for background measurements, the gas is routed to a capillary located on the cham­
ber periphery (section 3.3.1). To construct the capillary array a segment of commer­
cially available glass array (Galileo Electro-Optics, soda-lime glass) was mounted on 
a soft glass tube (inner diameter 1 mm) and gold coated. The array has a capillary 
diameter of 40/zm and a length of 1 mm. The gold coating prevents charging of the 
of the glass array by the electron beam and allows the array/tube assembly to be
31
Thermocouple
Gauge
Pneumatic 
Interlock ValveExhaust
Blower Backing
Pump Turbo Pump
Overhead
Backing
Valve
HIGH VACUUM CHAMBER
Ion Gauge *)
In-line
Volume
Capillary
Array
Small Volume 
Nitrogen Tank
Baratron Pressure Gauge
Leak Valve to control 
gas driving pressure
Pneumatic valves 1 to 7 
for selective gas routing
GAS LINES OVERHEAD TO APPARATUS
T
Ultra High Purity Regulators i '
Experimental 
Gas Cylinders
l .arge Volume 
Ballast Tanks
Reference
Gas
Figure 3.9: Schematic of the gas handling system.
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Figure 3.10: View of the top of the capillary array.
maintained at the incident beam energy. The active area of the array is approxi­
mately 0.8 mm2 and it contains approximately 280 capillaries, giving an open area 
of approximately 50%. Consequently the gas beam is formed by quasi-effusive flow 
through the array. The interaction region is about 1.5 mm above the exit plane 
of the array, and a typical driving pressure of 1 torr gives a number density in the 
interaction region of approximately 1012 molecules per cm3.
3.3 Experimental technique
As defined in chapter 2 the differential cross section (DCS) is the number of parti­
cles scattered into a unit of solid angle in unit time per number of target particles 
and number of projectiles.
The DCS may be expressed as:
—  (E 0) =  1
dQ[’ ' Io(E,0)NldüsT
where:
E  is the incident beam energy
6 is the scattering angle
I0 and Is are the incident and scattered electron beam currents respectively 
N  is the number density of the molecular beam
e is the electron analyser transmission
t  is the detector efficiency
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I is the length of the scattering volume, and
d£l is the element of solid angle
(IdQ) is often referred to as the effective scattering length
Any direct application of equation 3.2 requires accurate knowledge of the electron 
beam energy, the number density of the molecular beam, the scattering geometry 
and the efficiencies of the detectors. Whilst the measurement of some of the pa­
rameters in equation 3.2 is possible, the accurate determination of them all is not 
generally feasible. For example, the number density calculation generally involves 
a number of assumptions resulting in large uncertainties. Detector efficiencies and 
analyser transmission can change over time and it is very difficult to determine the 
precise spatial characteristics of the electron and molecular beams in the interaction 
region. Usually a normalisation technique is used to place relative angular distri­
butions of scattered electrons on an absolute scale.
One method commonly used is to normalise an angular distribution R(E, 9) to an 
integral cross section using the relationship:
r n  j  /»7T
Qel(E) = 27T 0) sin 0d6 = 2tt /  cR(E, 9) sin 9d6 (3.3)
J o  d \ l  J o
is the elastic integral cross section for incident electron energy E  
is a multiplicative constant, and
is the angular distribution of the scattered electrons as a function 
of energy and scattering angle.
As mentioned in chapter 1, accurate values of the total scattering cross section (j {E) 
can be obtained from attenuation experiments. Thus, using equation 3.3, the an­
gular distribution is put on an absolute scale by determining the constant, c, which 
gives the correct value of the integral cross section upon integration. There can 
be problems with the application of this technique. Since attenuation experiments 
determine the total scattering cross section, which is the sum of the cross sections 
for all open channels at the incident electron energy of interest, they may not cor­
respond to the elastic integral cross section. Indeed, integral elastic cross sections 
are only reliably obtained from this technique at energies below the first excitation 
threshold. For molecular systems, therefore, this is not a useful technique, since 
polyatomic molecules generally have open inelastic channels at incident electron en­
ergies as low as 10 meV. In addition, integration of the relative angular distribution 
is, in itself, problematic. As mentioned in section 3.2.1 the mechanical limits of a 
typical spectrometer restrict the angular range to —20° to 130°. However at scat­
tering angles less than 10° it can be difficult to discriminate between the primary 
electron beam and electrons scattered elastically in the forward direction. The real 
angular range of the spectrometer is thus typically 10° to 130° and, for low and 
high angle regions, relative values of the differential cross section must be obtained 
from some extrapolation process. If the shape of a theoretical cross section agrees 
with the experimentally determined angular distribution the theory can be used to
where:
Qel(E)
c
R(E,9)
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extrapolate the experimental data. However, there are few theoretical cross sec­
tions for polyatomic species, and those which do exist usually show discrepancies in 
comparison with the experimental distributions, so extrapolation is usually carried 
out “by eye”. Thus the technique is subject to large errors.
There does, however, exist another normalisation method for gaseous molecular 
targets at room temperature, namely the relative flow technique. It is becoming the 
most commonly employed method for normalisation of angular scattering intensities 
and was used during the course of this project.
3.3.1 Relative flow technique
First described by Srivastava et al. (1975), this technique uses comparative mea­
surements of scattering intensities for the target gas and a known, standard gas 
(Register et al. 1980b, Nickel et al. 1989). The generally accepted standard cross 
section is that of helium. The elastic differential cross section for helium is known to 
within a few percent below the first excited state threshold (around 19.8 eV). That 
acceptance is based on the extremely good agreement between experimental deter­
minations using phaseshift analysis techniques (Gibson and Dolder 1969, McConkey 
and Preston 1975, Andrick and Bitsch 1975, Williams and Willis 1975a, Steph 
et al. 1979, Register et al. 1980b, Brunger et al. 1992), the ab initio variational 
calculations of Nesbet (1979), the rational function fits of Boesten and Tanaka 
(1992) and the convergent close coupling method calculations of Bray et al. (1994). 
Furthermore, two types of phaseshift analysis may be carried out independently 
on the experimental data, providing an important cross check. One phaseshift 
technique is an analysis of resonant profiles at many scattering angles using a res­
onance of well defined character which does not overlap other features in the cross 
section (Williams and Willis 1975a). This allows extraction of the background, non­
resonant phaseshifts. The second technique analyses the non-resonant angular dis­
tributions (Andrick and Bitsch 1975, Williams 1979, Register et al. 1980b, Brunger 
et al. 1992), and is usually restricted to low energies, where inelastic channels are 
not open and a limited number of real phaseshifts determine the DCS. At higher 
incident electron energies, where inelastic scattering channels are open, complex 
phaseshifts need to be used and uniqueness problems arise. This method also has 
the advantage that calibration is not restricted to the resonant energies.
Elastic cross sections for helium have been measured on the present apparatus 
(Brunger et al. 1992), at energies both below the first excited state threshold 
and above it at energies up to 50 eV. In the energy range above the thresh­
old to 50 eV the elastic differential cross section is considered to be known to 
within 6-10%. The experimental measurements and coupled channel calculations 
of Brunger et al. (1992) are supported by further experimental determinations 
(Register et al. 1980b, Boesten and Tanaka 1992) and by calculations using the 
convergent close coupling method (Bray et al. 1994).
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In the application of the relative flow technique, the differential cross section for a 
target gas is expressed as a series of measured ratios multiplied by the differential 
cross section for helium at a particular incident electron energy:
der _  I {O') He Ne(9)T (  Mjje \  2 FHe der . . 
dÜ[ ) t ~  I(6)t  Ne(0)He \ M T )  FT dQ[ }He
(3.4)
where:
I  is the electron beam current
Ne is the scattered electron count rate
M  is the molecular mass of the species, and
F  is the flowrate of the gas into the apparatus.
Constraints govern the application of this equation. The same stable operating 
conditions must exist for both gases and the effective scattering volume for both 
gases must be identical. Thus the spatial distribution of both the electron and 
atomic/molecular beams must be identical.
To ensure that intermolecular collisions do not have a significant effect on the shape 
of the atomic/molecular beam distribution a general empiricism which has been 
applied is that the mean free path of the molecule must be larger than the largest 
dimension of the beam-forming array (Nickel et al. 1989), ensuring no collisions 
occur within the array. The mean free path, A, of a gas atom/molecule is given 
from kinetic theory:
1 _  kT
\/2nN<j2 \/2nPa2
(3.5)
where:
N is the number density of the gas
k is Boltzmann’s constant
T is the temperature in Kelvin
P is the pressure in pascal, and
a is the atomic/molecular hard sphere diameter in metres.
Use of this equation and the capillary dimensions of the present array (40 /im diam­
eter, 1 mm length), implies a maximum driving pressure for helium for this array of 
0.09 torr to meet the criteria of Nickel et al. This is based on a value for erHe = 2.65 
Ä (Weast and Astle 1981 -  the choice of hard sphere diameters will be discussed 
in detail in section 3.3.4). This driving pressure is, in practice, too small to allow 
scattering experiments with a reasonable accuracy to be carried out in a reason­
able time. For example, for species with very small cross sections, e.g. the heavy 
noble gases in the region of the Ramsauer-Townsend minima, the combination of 
small cross section and low driving pressure renders the experiments very difficult. 
Practical considerations then result in experiments operating in the (higher pres­
sure) intermediate or Clausing regime, where the mean free path is greater than 
the diameter of the capillary but less than the length. In the case of the present
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multicapillary array, using the above value of cr, this results in a maximum driving 
pressure of 2.44 torr.
To ensure identical scattering volumes, the gas beams must have the same profile 
as they exit the capillary array source. Buckman et al. (1993) measured the pro­
files of various gas beams as a function of driving pressure and found that this is 
achieved, using the present capillary array, provided (i) the mean free path for the 
atoms/molecules is identical at the entrance to the capillary array, and (ii) that the 
gas driving pressures are such that A is greater than twice the smallest dimension 
(the diameter) of the capillary, leading to a maximum driving pressure for helium 
of 1.22 torr for the present array.
Equation 3.4 cannot generally be applied directly as there are severe practical prob­
lems associated with the accurate, in-situ measurement of very low flowrates (Nickel 
et al. 1989). Instead, in the present application, the relative flowrate for each gas is 
measured, as a function of the driving pressure upstream from the capillary array, 
in a separate series of experiments.
3.3.2 Relative flowrate measurement
The relative flowrates, F, of both helium and the target gas of interest are measured 
as a function of the driving pressure behind the capillary, using a technique similar 
to that described in Khakoo and Trajmar (1986). When performing these measure­
ments the in-line volume is opened (refer to figure 3.9) to increase the volume of the 
gas lines. This results in a lower rate of pressure rise and hence more accurate and 
consistent pressure readings. The experiment is performed in the following way:
i. the gas for which the flowrate is to be measured is routed to the capillary 
array;
ii. the initial driving pressure is set manually with the associated leak valve;
iii. under computer control, the value of the initial driving pressure, P^, is 
recorded and the pneumatic valve (V7) to the capillary is closed;
iv. a number of capacitance manometer (baratron) pressure readings are recorded 
over a period of about 30 seconds;
v. the pneumatic valve (V7) to the capillary is opened;
vi. the baratron pressure readings are displayed by the control program, checked 
for consistency and the relative flowrate, and normalised relative flowrate, 
(F .\/M ), are calculated; and
vii. the initial driving pressure is manually set to the next value and the procedure 
is repeated.
37
0.016
0.014
0.012
0.008
0.006 ■y = -0.00149 + 0.0136x 
y = -0.000552 + 0.0155x
0.004
0.002
Driving pressure (torr)
Figure 3.11: Normalised flowrates (F . y /M ) verses driving pressure (Pd) for 
• He and o CO2 with linear fits to the normalised flowrate.
Figure 3.11 shows an example of the normalised flowrates for CO2 and helium. 
The two normalised flowrate curves are linear in the regions of the required driv­
ing pressure, thus a linear fit for each normalised flowrate, (F . y / M ), in terms of 
driving pressure is constructed. The parameters for these linear fits are stored in 
the computer program which controls the measurement of differential cross sections. 
During data accumulation the driving pressures for each gas are measured. These 
measurements are converted by the computer to the normalised flowrates. These 
values are in turn used in the final calculation of the cross section using the relative 
flow technique.
3.3.3 Limitations of the technique
The application of the relative flow technique is limited by the use of helium as 
the standard cross section. As discussed in section 3.3.1, the theoretical maximum 
driving pressure for helium for the present capillary array is 1.22 torr. In practice 
the helium driving pressure is usually held at 1 torr. When matching mean free 
paths, the resulting driving pressures for other species may be as low as 0.3-0.4 
torr. It is important to ensure that these pressures, which are higher than those 
which result in purely effusive flow, still give reliable scattering cross section results.
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Figure 3.12: Measured elastic differential cross section for methane at 5 eV 
and 90° as a function of driving pressure ratio. The horizontal line is the 
value of the originally measured cross section with the “ideal” ratio of gas 
pressures and the driving pressure of He at 1 torr. The “ideal” pressure ratio 
is indicated by the arrow. • DCS measured with the driving pressure of CH4 
held steady at 0.461 torr while the He driving pressure was varied, o DCS 
measured with the driving pressure of He held steady at 1 torr while the CH4 
driving pressure was varied.
A series of measurements of the low energy elastic and inelastic scattering of elec­
trons from methane were carried out on this apparatus (Bundschu et al. 1997). 
After this study it was decided to use this molecule to conduct some tests of the 
relative flow technique. At 5 eV incident electron energy and 90° scattering angle 
the measured elastic differential cross section from Bundschu et al. (1997) was 1.47 
Ä2 sr- 1  ±6.5%. Using equation 3.5 to match the mean free paths, the condition 
for the driving pressures becomes Pffe<7#e — Pt<?t -> where T  stands for the tar­
get gas of interest, in this case CH4 . Using <j//e=2.551 Ä and <7ch4 —3.758 Ä(Reid 
et al. 1987) the ideal ratio for the driving pressures becomes Pch4 = 0.461 x PHe, 
PHe — 2.170 x PcHi-
The test experiments were designed to determine two things: could the experiment
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Figure 3.13: Measured elastic differential cross section for methane at 5 eV 
and 90° as a function of the helium driving pressure. The horizontal line is 
the value of the originally measured cross section with the “ideal” ratio of gas 
pressures and the driving pressure of He at 1 torr. The “ideal” He pressure 
is indicated by the arrow. • DCS measured with the driving pressure of CH4 
held steady at 0.461 torr while the He driving pressure was varied, i.e. the 
same data as figure 3.12 now vs. helium driving pressure.
successfully measure the DCS at higher driving pressures than those imposed by the 
findings of Buckman et al. (1993); and how closely did the mean free path matching 
conditions need to be met? In the first experiment, the driving pressure of each gas 
was kept steady while that of the other was increased, and in the second experiment 
the ideal ratio of driving pressures was maintained constant while the driving pres­
sure of both gases was varied. The results are presented in figures 3.12, 3.13 and 3.14.
It is evident from figure 3.12 that the ratio of driving pressures needs to be distorted 
substantially before the measured DCS moves away from the accepted (initially mea­
sured) value. The open circles correspond to measurements taken by increasing the 
driving pressure of CH4 whilst the closed circles correspond to measurements taken 
by increasing the He driving pressure. Not until the driving pressure for CH4 has 
been increased to about 2 torr, 4.3 times the “ideal”, does the measured DCS begin 
to change with the He driving pressure held steady. However, when the driving
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Figure 3.14: Measured elastic differential cross section for methane at 5 eV 
and 90° as a function of the helium driving pressure. The horizontal line is 
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pressure of CH4 is held steady and the driving pressure of He is increased, the 
measured DCS begins to show deviation from the accepted value at a He driving 
pressure of about 1.8 torr. This behaviour may be more easily seen in 3.13, where 
the measured DCS with the methane driving pressure held steady is plotted against 
the He driving pressure.
In figure 3.14 the driving pressures of both gases are changed while the pressure 
ratio is maintained at the “ideal” value. The measured DCS is shown as a func­
tion of the He driving pressure, with the “ideal” value being 1 torr. The deviation 
with increased driving pressure is even more pronounced. It is clear from these 
experiments that while the relative flow technique, as applied on this apparatus, is 
quite flexible where mean free path matching is concerned, it is vital that the driv­
ing pressure for helium remains lower than 1.8 torr, and preferably less than 1.5 torr.
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Figure 3.15: Signal to background (S/B) ratios for the DCS measurements 
presented in figure 3.12 vs. He driving pressure, o S/B for He while driving 
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Figure 3.15 shows the signal to background ratios for the two gas species during 
these experiments, plotted against the helium driving pressure. These are checked 
to ensure that increasing the signal by increasing the gas pressure is not offset by 
an increasing background contribution. The signal to background ratios for the ex­
periment, with the ideal pressure ratio held steady and the gas pressures increased, 
show no decrease, a pleasing result since this means the driving pressures may be 
increased without a significant decrease in sensitivity.
The conclusion from these experiments was that the experiment could be run with 
the gas driving pressures a little higher than the standard 1 torr driving pressure for 
helium before the relative flow technique broke down and without decreasing signal 
to background ratios. It was decided to run the xenon experiments, described in 
chapter 5 with the helium driving pressure set to 1.2 torr.
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The critical parameter in this apparatus turned out to be not the matching of 
the mean free paths but the absolute driving pressure of helium. Perhaps this 
is not surprising given the finding of Buckman et al. (1993) that the profile of the 
helium beam, as it effuses from the capillary array, is particularly sensitive to driving 
pressure and the width of the beam profile decreases as the pressure is increased, 
showing a substantially different profile to other gas species.
3.3.4 The hard sphere diameter
There have been many potentials developed to describe the interactions between 
particles (e.g. Flannery 1996). One such intermolecular potential function is the 
Lennard-Jones potential:
\k(r) =  4e 0 “ - <7)
6l
(3.6)
Reid et al. (1987) define the collision diameter, cr, as the intermolecular distance, r, 
when \k(r), the potential energy of interaction, is zero, i.e. the interaction between 
the molecules is neither attractive nor repulsive, e is the characteristic energy cor­
responding to the minimum in ^ (r).
Values for these parameters, a and e, are sometimes calculated by using experi­
mental viscosity-temperature data in empirical equations for the collision integral, 
to produce “best” values. In the Chapman-Enskog treatment the equation for 
viscosity, 77, is (Reid et al. 1987):
U«MRT)k
v =
Here M  is the molecular weight, T  is the temperature in degrees Kelvin and R  
the universal gas constant. is dependent on 'F(r) and is often determined using 
empirical equations, as mentioned previously. When the molecules are treated as 
rigid non-interacting spheres Slv = 1 and a is the hard-sphere diameter. All collision 
diameters are loosely referred to as hard-sphere diameters although this is not, of 
course, strictly correct.
Intermolecular potentials, and their parameters such as a and e, are often found 
from fitting virial coefficient measurements (Atkins 1982) and better fits are found 
if the hard sphere diameter is allowed to decrease as the temperature increases 
(Woolf 1997). Reid et al. (1987) list values of a with matching e/k, where k is 
Boltzmann’s constant. They note, however, that there are several “sets” of data for 
each compound which, when used to calculate viscosity, give satisfactory results and 
thus each a must only be used with it’s corresponding e/k value. There is, however, 
no indication of the corresponding temperature for which the a was calculated in 
Reid et al. (1987). Ben-Amotz and Herschbach (1990) state that experimental 
and theoretical estimates of the temperature variation of the effective hard sphere
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diameter is da /dT  «  — 1 x 10-4 to —5 x 10~4, i.e. a matter of a few percent per 100 
degrees K. They derive hard sphere diameters from the analysis of high-pressure 
equations of state at 20 °C. Their estimate of the temperature dependence is:
where <To is the initial or measured hard sphere diameter for temperature T0. How­
ever, Ben-Amotz and Herschbach (1990) do not provide a hard sphere diameter for 
helium, which is, of course, the most important value required for the present work. 
A value for helium may be found from the Landolt-Börnstein (1971) tables, where 
the temperature variation is given by:
where a00 is the effective diameter at very high temperature and C is the Suther­
land constant in Kelvin. The Landolt-Börnstein tables note that there is a large 
variation in C over temperature ranges and numbers supplied should be used only 
over the specified ranges. Application of equation 3.9 to the hard sphere diameter 
for He at 273 K, given in the tables as 2.19 Ä, gives a value at 293 K of 2.295 Ä. 
Since the hard sphere diameter should decrease as temperature increases this value 
is not used, but the 273 K value should be used for matching mean free paths in­
stead. This value is 16% smaller than the 2.551 Ä value (Reid et al. 1987) which has 
been used to match mean free paths in the experiments for this project. However 
the temperature dependent values for the target species are also smaller and so the 
mean free path matching ratio is not much different from those used to perform the 
experiments. Moreover, it has been found (section 3.3.3), that the mean free path 
matching is not a critical parameter in this apparatus.
A secondary benefit of the experiments described in section 3.3.3 is the demon­
stration that relative flow is a flexible technique where the ratio of the mean free 
paths is concerned. Figure 3.16 shows the measured DCS for methane as a function 
of the driving pressure ratio. The vertical lines indicate a particular ratio. Line 
(a) is the ratio Pne — 2.17P c h 4 calculated from values for a quoted in Reid et al. 
(1987) {aHe — 2.551 Ä and <Jc h 4 — 3.758 Ä); line (b) is the ratio Pne — 2.68P c h 4 
calculated from values for a He — 2.19 Ä quoted in Landolt-Börnstein (1971) and 
ctch4 = 3.585 Ä quoted in Ben-Amotz and Herschbach (1990); and line (c) is the 
ratio PHe — 3.64P c h 4 calculated from values for crHe — 2.19 Ä and (Jc h 4 =4.18 
Ä both quoted in Landolt-Börnstein (1971). It is evident from this that all these 
ratios, notwithstanding the original values of a chosen, give the same value for the 
DCS within estimated experimental error. It appears clear that choosing some sen­
sible value for the hard sphere diameter is enough to meet the hard sphere diameter 
matching conditions for application of the relative flow technique, at least for this 
pair of gases.
(3.8)
(3.9)
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Figure 3.16: As for figure 3.12(b). Ratio of gas pressures indicated by the 
vertical lines: a, Pne =  2.17Pch  ^ (initial ideal ratio); b, P #e =  2.68Pc h 4] c , 
Pile =  3.64 Pcha
It is interesting to note that using the value 2.19 Ä for helium and the capillary di­
mensions as in section 3.3.1, the criterion of Buckman et al. (1993) for the maximum 
driving pressure for helium is 1.78 torr. The obvious deviation of the measured DCS 
of methane from the accepted DCS is very close to this value of the driving pressure 
(figure 3.16). This is a further indication of the importance of this criterion.
3.3.5 Energy calibration
While the energy of the incident electron beam is set by the final elements of the 
target assembly, the actual incident energy, E0, cannot be simply determined from 
the potential difference, V, between those elements and the filament. Contact po­
tential effects between components of the monochromator, patch fields on surfaces, 
the work function of the filament and space charge effects produced by the electron 
cloud around the filament can combine to ensure that E0 is usually different from 
V. Thus V must be corrected by some offset to determine the true E0.
For electron collision experiments the usual energy calibration technique is to cali­
brate against the positions of well known, sharp resonance features. In the present 
experiments the initial calibration is usually made against the lowest-lying tempo-
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Figure 3.17: (a) Elastic electron scattering from helium as a function of energy 
in the region of the He-  (Is 2s2 2S) resonance and at a scattering angle of 
100°. (b) Elastic electron scattering from nitrogen as a function of energy in 
the region of the 2n g shape resonance and at a scattering angle of 60°.
rary negative ion resonance of helium, He~ (Is 2s2 2S), which has a full width at 
half maximum (FWHM) of 11.0 ±  0.5 meV (Kennerly et al. 1981). At a scatter­
ing angle of 100° the resonance structure manifests in the elastic scattering cross 
section in the form of a dip with a near symmetric profile, making it convenient to 
calibrate the energy at this angle. Brunt et al. (1977a) determined the position of 
this resonance as 19.367 ±  0.007 eV. Figure 3.17(a) is an example of such an elastic 
scattering spectrum for helium.
At lower energies the oscillations in the cross section for elastic electron scattering 
from nitrogen, due to the N2 2n p shape resonance around 2 eV, are used to calibrate 
the energy. Figure 3.17(b) is an example of this scattering spectrum at 60°. The 
second peak at 2.198 eV (Rohr 1977) is used for calibration. It is important that 
this calibration is carried out at a specified scattering angle since the “boomerang” 
nature of the resonance results in the resonance energy shifting with scattering an­
gle (Herzenberg 1968, Birtwistle and Herzenberg 1971).
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It is extremely important in the present apparatus to recalibrate the electron beam 
energy at low energies. To test the linearity of the calibration a series of test 
calibrations were made. These were performed with no change in the electron op­
tical configuration around the filament to ensure no change in contact potential 
differences. Calibrations were made at the N2 shape resonance, the lowest lying 
temporary negative ion resonance of Xe, Xe~ 5p5(2P3^2)6s2(1S), at 7.90 eV (Sanche 
and Schulz 1972) and at the He-  resonance. The results are shown in figure 3.18. 
It can be seen that using the calibration or voltage offset determined from mea­
surements of the He-  resonance could result in an error of as much as 0.5 eV at 
lower energies (~2 eV). Such a large error in the energy calibration could have se­
vere consequences, particularly in the lower energy resonance regions of diatomic 
and triatomic molecules where the shape of the differential cross sections can change 
rapidly in small energy intervals. This also indicates that the incident energy should 
be calibrated at an energy as close to that of the energy of interest as possible. It 
should be noted however that the procedure used to test the linearity is not the 
usual procedure but a worst case scenario. Under normal circumstances the elec­
tron optics are optimised in the energy range of the calibration before the calibration 
is made. This reduces the non-linearities to a minimum. These can also be checked 
at low energies by determining energy position of all the peaks of the N2 shape 
resonance to ensure the energy scale is linear over a range of energies.
It should also be noted that these calibrations were carried out under conditions 
as close to those encountered in the experiment as possible. Calibrations were 
always performed with the target gas in the system, either in the background or, 
if the target species had a resonance feature in the appropriate energy range, in 
the target region. If a calibration was to be made in nitrogen, both helium and 
the target species are routed to the background, while nitrogen was routed to the 
interaction region. Prior to the installation of the small volume nitrogen tank, see 
section 3.2.4, helium was cleared from the system to allow nitrogen to be routed 
through the helium lines. This process made no difference to the energy at which 
the argon resonances were found (section 4.2) when the nitrogen and helium gases 
were cycled several times.
3.3.6 Scattering angle calibration
Accurate determination of the scattering angle with respect to the incident electron 
beam is particularly important when the differential cross section varies rapidly 
with angle. Low energy differential scattering cross sections for xenon can vary by 
orders of magnitude over an angular range of 20°. The 0° position of the analyser 
turntable may be determined simply by mechanical alignment with the monochro­
mator. However, the mechanical axes of both monochromator and analyser may 
not necessarily coincide with the electron-optical axes because the monochromator 
employs deflectors for steering the electron beam. The electron-optical axes may 
also vary as the beam energy varies and angular calibration is required before ex­
periments begin at each incident energy.
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Figure 3.18: Energy calibration offset as a function of incident electron beam energy.
The method used to determine the zero degree scattering position is to determine 
the symmetry of the elastically scattered electrons around the nominal zero angle. 
If a strong inelastic feature exists this can be used instead, reducing the effects of 
background. The intensity of scattered electrons as a function of scattering angle 
is recorded between ±20° and, while measurements close to zero are not possible, 
an extrapolation to zero from both sides can be made, using the symmetry of the 
scattering intensity around 0°. It is estimated that the uncertainty in this procedure 
is ±1°.
3.4 Experimental procedure
At each incident energy optimal operating conditions are established by manually 
adjusting the voltages supplied to the elements of the electron optics. Initially, the 
electron beam current to the Faraday cup is maximised. To achieve maximum elec­
tron beam current to the interaction region (maximum overlap of the electron and 
target beams) the signal to background scattering ratios are optimised. Following 
scattering angle calibration, experimental measurements of scattering count rates
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and determination of the scattering cross sections may be made, either manually or 
under computer control.
The computer, an IBM 386 compatible, is used to control data accumulation and 
analysis, visual output and data storage via custom and commercial software. The 
computer is interfaced to several instruments via a General Purpose Interface Bus 
(GPIB-PCIIA, National Instruments Corporation), an STD bus and a PC-30D ana­
log I/O  board. Processes controlled via the interfaces and the software are: the 
position of the energy analyser and the Faraday cup, both moved by stepper mo­
tors; measurement of the electron beam current; measurement of the gas driving 
pressures by the Baratron and the background chamber pressure by the ion gauge; 
routing of gases to either the capillary array or the peripheral chamber entrance; 
ramping of the incident beam energy, energy loss and/or zoom lens power supplies; 
counting of scattered electrons by the appropriate counting device and subsequent 
reading of detected electron count rates; and data analysis including the cross sec­
tion calculation and the associated error analysis. Ramp voltages are generated 
by digital-to-analog converters (DACs), buffered by variable gain amplifiers. These 
bias the energy loss, beam energy and zoom lens power supplies.
In the course of this project the spectrometer was operated in two different modes: 
“energy loss” and “beam energy” modes. In energy loss mode the incident electron 
energy remains constant while the energy loss value, the difference between inci­
dent and detected electron energy, is ramped over a selected range with a sawtooth 
voltage ramp generated by a DAC. Analyser transmission is optimised by ramping 
the analyser zoom lens (AZ2) simultaneously with the energy loss. A full discus­
sion of this procedure is given in section 3.4.2. This mode is used for differential 
cross section measurements. An example of an energy loss spectrum for the CO 
molecule illustrating the elastic peak and vibrational excitation modes is shown in 
figure 6.3. The overall energy resolution of the spectrometer can be determined 
from the FWHM of the peaks in the energy loss spectrum. During studies for this 
project the FWHM ranged between ~  50 and 80 meV dependent on the resolu­
tion required for the study. For differential cross section measurements for atomic 
species energy resolution is not usually critical since excited states are usually at 
large values of electron energy loss, e.g. the first excited state of argon is at 11.59 eV 
(Moore 1971). However the first vibrationally excited state of CO2 is at 0.083 eV 
(Johnstone et al. 1993) and better resolution than that required for atomic species is 
necessary. Further, when measuring DCS which vary rapidly with energy accurate 
knowledge of the incident energy is required. This is not possible if there is a large 
energy spread in the incident energy.
In beam energy mode the incident electron energy is ramped while the energy loss 
value remains constant. Focusing of the incident electron beam is kept optimal 
as beam energy changes by simultaneously ramping the target zoom lens (TZ2 or 
TZ3), whilst analyser transmission is maintained by simultaneously ramping AZ2. 
This mode is used for energy calibration and excitation function measurements.
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Typical energy calibration spectra were shown in figure 3.17. Excitation function 
measurements will be described in section 3.4.3.
3.4.1 Measurement of elastic differential scattering cross sections
To determine absolute elastic differential cross sections, the measured scattered elec­
tron intensity was normalised independently at each scattering angle and incident 
electron energy using the relative flow technique. At each scattering angle and en­
ergy the following measurements were made: the intensity of scattered electrons 
for the target gas, helium and the background contribution due to both gases; the 
electron beam current during the measurements; and the driving pressures for both 
gases. To measure scattered electron intensity the gas of interest is directed to the 
capillary array while the other gas is directed to the background inlet, that is to 
the capillary on the chamber periphery (section 3.2.4). Thus both gases are always 
in the chamber at all times while the experiment is being performed. This avoids 
possible variations in contact potentials which can occur as a result of changing 
the gases in the vacuum chamber. This is critical in providing the same stable 
operating conditions for both gases, a prerequisite for the correct application of the 
relative flow technique (section 3.3.1). To measure the background contribution 
both gases are routed to the background inlet and the associated scattering count 
rate is recorded. Performing the experiment in this fashion minimises the effects 
of drifts in voltages applied to the electron optical elements, current density or gas 
driving pressures. Each measurement at any given angle and energy may take be­
tween 20 minutes and 2 hours, depending on the incident beam current and the 
cross section for the species. Driving pressure measurements are made with the 
Baratron gauge and converted to relative flowrates via the procedure discussed in 
section 3.3.1. Incident electron beam current is measured by a picoammeter (Keith- 
ley Model 485) connected to the Faraday cup. The ratio of the cross section for the 
target gas to that of helium is calculated from these measurements.
Cross section ratio measurements are performed many times at each angle and in­
cident energy. The final value for the ratio at any given energy and angle is the 
weighted average of the total set of values, the weighting being determined in the 
usual fashion from the statistical uncertainty in each ratio value. The error in the 
weighted average is taken as the standard deviation of the data set. This value is 
often larger than the weighted statistical uncertainty, which is also calculated, and 
provides a better measure of the real experimental uncertainty, including unknown 
systematic effects. The total uncertainty in the measured cross section is the addi­
tion in quadrature of this statistical uncertainty (one standard deviation) and the 
uncertainties involved in the measurement of the various experimental parameters. 
These arise from application of the relative flowrate calibration (4%), measurement 
of gas pressure ratios (2%), electron beam current ratios (4%) and an uncertainty in 
the helium cross section (2% below 20 eV and 4% above). These figures, combined 
with the uncertainty in the ratio measurement, typically lead to overall uncertain­
ties in the cross sections of between 7-12%.
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As mentioned in section 3.3, both integral elastic and elastic momentum transfer 
cross sections can be calculated from the measured elastic differential cross sections. 
To account for those regions where measurements are not possible, the data are 
extrapolated by eye or by using a theoretical cross section as a guide, if one is 
available. The extrapolated and measured data is then integrated using Simpson’s 
rule to give elastic integral and momentum transfer cross sections. It is difficult 
to estimate the uncertainty resulting from these extrapolations. In some cases as 
much as 50% of the contribution to the integral cross sections may come from the 
extrapolated data. Using a range of different extrapolations the uncertainty from 
the technique can be estimated to be between 10 and 20% depending on the cross 
section shape. Combined with the uncertainty in the differential cross section, the 
typical estimated uncertainty in the integral cross sections is 15-30%.
3.4.2 Measurement of inelastic differential scattering cross sections
Absolute differential cross sections for inelastic scattering are established relative 
to the elastic cross section by measuring the ratio of the intensity of inelastic to 
elastic scattering at each scattering angle. This method clearly requires that the 
transmission efficiency of the analyser is the same for both inelastic and elastically 
scattered electrons, or if it is not the same, that the relative transmission is known.
The transmission of the analyser is optimised at each scattering energy by deter­
mining the optimum input zoom lens voltage for best signal to noise conditions. 
This is done in a separate series of measurements across the range of energy loss 
values to be considered. In practice this analyser zoom lens transmission curve is 
generated under computer control during the experiments. This ensures that the 
focal length and magnification of the analyser zoom lens is constant as the incident 
energy and/or energy loss is varied. The same procedure is used with the target 
zoom lens (TZ2) to ensure that the image distance and magnification of the incident 
electron beam is maintained as the incident energy is changed.
The only inelastic scattering measurements made in this study were differential cross 
sections for vibrational excitation of CO. Previous measurements of the analyser 
transmission function (Brunger et al. 1990) allow the assumption that it is uniform, 
over the small energy loss ranges covered in this study. This is provided that the 
appropriate measures, mentioned previously, are taken to optimise the transmission 
at each energy. This assumption is accurate to within 10% at an incident energy of 
1 eV and better than 5% at energies above 5 eV. The uncertainties for these cross 
sections include the uncertainty in the elastic cross section used for normalisation, 
the uncertainty in determining the ratio of elastic to vibrational intensity due to 
counting statistics (usually < 5%), and the variation in pressure (1%) and current 
(2%) measurements, typically resulting in an overall uncertainty of ~  15%.
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3.4.3 Excitation function measurement
An excitation function (EF) is the energy dependence of the differential cross sec­
tion for the scattering of electrons at a particular angle. During the course of this 
project the control program was upgraded to allow computer control of the mea­
surement of absolute excitation functions. Prior to this work absolute excitation 
functions could only be measured manually (e.g. Sun et al. 1995).
To perform these measurements the spectrometer runs in beam energy mode, ramp­
ing the two zoom lenses (TZ2/TZ3 and AZ2) synchronously with the beam energy. 
To measure the excitation function for inelastic scattering, however, the energy loss 
voltage also needs to be changed, i.e. stepped from the elastic to the inelastic peak, 
with a consequent change in the voltage for AZ2 required to maintain the analyser 
transmission. New, GPIB-based, DACs and buffer amplifiers were constructed to 
allow the required ramping of all four variables. Previously either beam energy or 
energy loss could be ramped but not both. At the same time a number of functions 
previously performed over an old, and progressively failing, STD bus were trans­
ferred to a new digital I/O  card, the PC-30D.
The new software for EF measurements was similar to the program for measur­
ing the differential cross section. However, rather than changing the angle during 
measurements it was necessary to change the incident energy and, if measuring an 
inelastic excitation function, the energy loss. As mentioned previously (section 3.4), 
both target and analyser zoom lenses must ramp synchronously with beam energy 
to maintain the focus and magnification of the incident electron beam and analyser 
transmission. All three voltages, beam energy, AZ2 and TZ2, are ramped via DACs 
and amplifiers. For the zoom lenses these amplifiers are variable gain amplifiers. 
The initial and final values for the zoom lenses are set manually by optimising signal 
to background ratios at the initial and final incident beam energy voltages. This 
establishes a linear zoom lens curve, which is then generated by the program to 
ramp the zoom lenses and calculate the gain of the amplifiers. The true zoom lens 
curves are non-linear over large energy ranges (on the order of 10 volts), thus EF 
measurements must be limited to small energy ranges (2-3 volts) to ensure the lin­
ear amplifiers can adequately maintain incident beam focus and magnification and 
analyser transmission over the selected range.
To measure inelastic scattering, however, the voltage of the analyser zoom lens 
(AZ2) needs to be stepped away from the optimum value for elastic scattering to 
the optimum value for inelastic scattering. This required the determination of the 
AZ2 values for optimum values of signal to background at several points in the inci­
dent energy range for both elastic and inelastic scattering. The difference between 
these voltages was then plotted against the incident beam energy and a polynomial 
fitted to the resulting curve. This polynomial was used in the program to change 
the lens voltage from optimum for elastic scattering to optimum for inelastic scat­
tering. In this fashion the program can measure elastic and/or up to three inelastic
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excitation functions in one experiment.
An example of the elastic excitation function for CO at 60° measured using this 
new capability is shown in figure 6.14.
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CHAPTER 4
Argon
4.1 Introduction
The noble gases are among the most often-studied systems in low energy electron- 
atom collision experiments, and the subject of extensive theoretical investigation. 
However, only helium (Nesbet 1979, Register et al. 1980b, Brunger et al. 1992, Fursa 
and Bray 1995) and neon (Shi and Burrow 1992, Gulley et al. 1994, Saha 1989b, 
Saha 1990) are regarded as gases for which the elastic differential cross sections are 
well established in that recent experimental and theoretical studies result in cross 
sections which agree to within ±5% over a wide range of incident energies and scat­
tering angles.
Electron scattering from argon is an example of such a system. At energies of 
10 eV and below, there are several recent experiments (Williams 1979, Srivas- 
tava et al. 1981, Qing et al. 1982, Weyhreter et al. 1988, Fürst et al. 1989) for 
which the measured cross section agree reasonably well. They do not, however, 
agree well (±5%) with any of the recent theoretical investigations (Berg 1983, Fon 
et al. 1983, Kemper et al. 1983, McEachran and Stauffer 1983, Bell et al. 1984, Das- 
gupta and Bhatia 1985, Bloor and Sherrod 1986, Haberland et al. 1986, Yousif and 
Matthew 1986, Nahar and Wadehra 1987, Sienkiewicz and Baylis 1987, Saha 1991, 
Saha 1993b, Saha 1995, Mimnagh et al. 1993, McEachran and Stauffer 1997) over 
the whole energy and angular range. Brief descriptions of the most recent theoret­
ical calculations for low energy elastic electron scattering from argon are given in 
table 4.1.
The motivation for this work in argon was to provide some further accurate ab­
solute cross sections in the low energy region for comparison with theory and to 
closely investigate these discrepancies in an effort to determine whether the most 
recent theories and experiments are converging. Further, in recent work by Shi and 
Burrow (1992) and Gulley et al. (1994), it was suggested that neon could be used as 
secondary standard in relative flow experiments in order to provide a check on the 
operation of a crossed beam apparatus. A logical extension to this suggestion is to 
determine whether the elastic differential cross sections for the other, heavier noble 
gases are well enough understood by both experiment and theory at low energies to
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Recent Theory 
Berg (1983)
Fon et al. (1983)
Kemper et al. (1983)
McEachran and Stauffer (1983) 
Bell et al. (1984)
Dasgupta and Bhatia (1985)
Bloor and Sherrod (1986)
Haberland et al. (1986)
Yousif and Matthew (1986)
Nahar and Wadehra (1987) 
Sienkiewicz and Baylis (1987)
Saha (1991)
Mimnagh et al. (1993)
Saha (1995)
McEachran and Stauffer (1997)
Brief description
Xa approximation with exchange terms treated in the scat­
tering potential
R-matrix method with an atomic ground state wavefunc- 
tion coupled to a XP pseudostate to include full dipole po- 
larisability
relativistic approach using an effective local potential, an 
exchange-correlation approximation and an absorptive po­
tential
polarised orbital approximation with adiabatic exchange 
approximation including a dipole polarisation potential 
R-matrix, coupled-state calculation based on a single con­
figuration atomic ground state wavefunction coupled to a 
*P pseudostate, neglecting spin-orbit coupling and other 
relativistic effects and using LS coupling for the calculation 
method of polarised orbitals, with the perturbed part de­
termined in the adiabatic approximation, only the dipole 
part of the interaction potential being included and using 
exchange polarisation terms
general nonparameterised continuum scattering wave 
(CMS) method, uses a local exchange approximation based 
on the Hara free electron gas model 
Kohn-Sham-type one-particle theory
local-density approximation incorporating Hara exchange 
and Hedin-Lundqvist correlation joined to a correct asymp­
totic polarisation potential
model static and polarisation potentials with an exchange 
potential
fully relativistic Hartree-Fock method which assumes the 
target atom as a frozen core with a model polarisation po­
tential and exact exchange
multiconfiguration Hartree-Fock method which takes into 
account the electron correlation and polarisation effects 
very accurately in the ab-initio way, and assumes the spin- 
orbit and other relativistic effects are not significant 
polarised orbital approximation including dynamic distor­
tion effects
extension of Saha (1991) by inclusion of quadrupole and 
higher multipole polarisation terms
extension of Mimnagh et al. by the inclusion of relativistic 
effects using the Dirac formalism for the scattering equation
Table 4.1: A brief description of the most recent theoretical calculations for 
low energy elastic electron scattering from argon.
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also qualify as secondary standards for the relative flow technique. The technique is 
predicated upon the assumption that the two gases under study exhibit equivalent 
behaviour when formed into beams under well controlled conditions of pressure and 
mean free path. Any departures from this assumption are only due to disparities in 
molecular weight (Buckman et al. 1993), thus, “standard” gases with substantially 
larger molecular weight may be useful for studies of heavy atomic and molecular 
targets.
The work was undertaken as a joint program of measurements on two similar but 
different electron spectrometers, the apparatus used for this thesis, and a spectrom­
eter at the University of Nebraska. The Nebraska spectrometer uses a similar, but 
slightly different, implementation of the relative flow technique. In part this was an 
attempt to undertake a critical assessment of the techniques employed in our two 
laboratories, in order to better understand the small differences that still persist 
amongst scattering cross section measurements in general.
Absolute differential (12°-130°) cross sections for low energy (1-10 eV) electron 
scattering from argon were measured. The data were also analysed using phaseshift 
techniques. The experimental apparatus and techniques for the present measure­
ments were described in chapter 3, however procedures specific to argon are further 
described in section 4.2.
4.2 Techniques for argon measurements
The apparatus was operated according to the procedures described in chapter 3. 
Initially, measurements of the relative flowrates for argon and helium were made. 
The results are presented in figure 4.1. Hard sphere diameters (cr) for these species 
were a n e = 2.65 Ä(Weast and Astle 1981) and OAr — 3.542 Ä(Reid et al. 1987) (the 
choice of hard sphere diameters is discussed in section 3.3.4). These values resulted 
in an ideal ratio for the driving pressure of P at — 0.560 P He- The helium driving 
pressure was held at 1 torr, thus the driving pressure for argon was 0.56 torr. The 
normalised flowrates were measured and fitted in a range around these values for 
the driving pressures (figure 4.1).
As mentioned in section 3.3.5, it is important to calibrate the energy of this appa­
ratus close to the energies of interest. Low energy calibration was made against the 
second quasi-vibrational peak of the low energy N2 shape resonance, as described 
in section 3.3.5. Calibration at high energy was made against the pair of Ar-  reso­
nances, (2P3/2,i/2)4s2 xS, at 11.098 and 11.270 eV (Brunt et al. 1977b) in the elastic 
channel. Figure 4.2 is an example of these resonances. The overall energy resolution 
of the apparatus during these measurements was typically 50 meV.
The apparatus used for the measurements at the University of Nebraska has been
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Figure 4.1: Normalised flowrates (F . y fM ) versus driving pressure for • He 
and o Ar with linear fits to the normalised flowrate.
described in detail in previous publications (Shi and Burrow 1992, Shi et al. 1993), 
so only a brief description will be given here. It is similar to the ANU apparatus 
in that the electron beam is formed, and the scattered electrons are analysed, by a 
combination of electrostatic electron optics and hemispherical deflectors. However, 
in some aspects there are important differences between the two spectrometers, and 
the experimental techniques employed, which were relevant to these measurements. 
The most significant differences occur in the way in which the interaction volume is 
defined in the two spectrometers. The Nebraska apparatus employs a single capil­
lary tube of 0.5 mm diameter and 20 mm length to form the atomic beam with the 
interaction volume a few mm above the exit of the tube. The interaction volume 
lies at the object position of the analyser entrance zoom optics and as a result the 
effective size of the interaction volume, i.e. the region from which scattered electrons 
are detected, is determined by the focal properties of the zoom lens. This differs 
from the ANU apparatus which uses real defining apertures at the entrance to the 
analyser to determine the effective size of the interaction region (section 3.2.2). 
In both cases the rationale is to ensure that the analyser views the entire volume 
formed by the overlap of the electron and atomic beams. The energy resolution of 
the Nebraska apparatus is typically 30 meV and the energy scale is calibrated in a 
similar fashion to that outlined above. The relative angular distributions are placed 
on an absolute scale by the use of the relative flow technique.
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11.2
Energy (eV)
Figure 4.2: Elastic electron scattering from argon as a function of energy in 
the region of the Ar-  resonances (2P3/2,i /2)4s2 *S and at a scattering angle
of 100°.
4.3 Experimental results
Differential cross sections for elastic scattering of electrons from argon at incident 
electron energies of 1, 1.5, 2, 3, 4, 5, 7.5 and 10 eV are presented in table 1. The 
absolute uncertainties expressed as percentages are presented in parentheses next to 
the values. In most cases the cross sections have been measured at 5° intervals over 
the available angular range to better facilitate phaseshift analysis. Measurements 
at smaller intervals have been made where it was necessary to accurately determine 
the position of minima in the cross sections. The 4 eV data was measured on the 
Nebraska apparatus and the measurements from the two laboratories overlap at 5 
eV.
The current measurements were carried out at energies which did not always cor­
respond to the published results of other workers. In order to enable a comparison 
in these cases the low energy published phaseshifts of various authors were fitted, 
where possible, and the cross sections generated at the energies required from inter-
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Figure 4.3: Absolute DCS for elastic scattering from argon at 1 eV. (a) 
comparison of experimental data: • Present results, o Weyhreter et al.,
------W illiams,------- present phaseshift analysis, (b) comparison of present
experiment with theory: • Present re su lts ,------McEachran and Stauf­
fer (1997), ------ Saha (1995),-------Mimnagh et a h , ------- Saha (1991),
------- Sienkiewicz and Baylis.
polated values obtained from the fit. Usually a fourth- or fifth-order polynomial was 
adequate for the fit. This process has been applied to the phaseshifts of Williams 
(1979), Bell et al. (1984), Dasgupta and Bhatia (1985), McEachran and Stauffer 
(1983), Nahar and Wadehra (1987), Saha (1991, 1993b) and Sienkiewicz and Baylis 
(1987). Higher order phaseshifts, usually up to / =  15, were generated from the 
Born approximation. The most recent calculation of Saha (1995) is an extension 
of earlier work (Saha 1991, Saha 1993b) in that quadrupole and higher multipole 
polarisation terms are included. These have a substantial effect on the low energy 
phaseshifts, particularly the s- and p-waves, and hence the cross sections. Similarly 
the calculation of McEachran and Stauffer (1997) extends their earlier work, which 
included the effects of dynamic distortion (Mimnagh et al. 1993), by the inclusion of 
relativistic effects using the Dirac formalism for the structure and scattering equa­
tions.
At 1.0 eV (figure 4.3), the present measured DCS and a curve generated from a
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phaseshift analysis of this data (section 4.4) can be compared with the experimental 
results of Weyhreter et al. (1988) and the cross section calculated from the inter­
polated phaseshifts of Williams (1979). The present results and those of Weyhreter 
et al. are in excellent agreement (within the combined experimental error) at all 
common scattering angles while the values of Williams are larger in magnitude 
than the present data between scattering angles of 35° and 45°, and lower at an­
gles above about 115°. At forward angles (< 40°) the present measurements suffer 
from large uncertainties, a combination of the effects of a very small and decreas­
ing cross section and an increasing background due to the primary electron beam. 
Nonetheless the agreement with the measurements of Weyhreter et al. (1988) is still 
extremely good.
There are also theoretical results from Bell et al. (1984), Bloor and Sherrod (1986), 
Dasgupta and Bhatia (1985), McEachran and Stauffer (1983), Sienkiewicz and 
Baylis (1987), Mimnagh et al. (1993), Saha (1991, 1993b, 1995) and McEachran 
and Stauffer (1997) at 1.0 eV. For the sake of clarity at this, and all other energies, 
only a few of the calculated cross sections which demonstrate the best agreement 
with experiment are shown. This is an undeniably subjective judgement. It was 
however, the main goal of this work to test the agreement of experiment and theory. 
Given the large number of calculations available, to show all available theoretical 
curves would only serve to confuse the situation. Included in this selection at each 
energy are the calculations of Saha (1991, 1995) which have proved so successful 
in the description of electron-helium (Saha 1989b, 1993a) and electron-neon (Saha 
1989a,1990) elastic scattering. In figure 4.3(b) the present data is compared with 
the dynamic distortion polarised orbital calculation of Mimnagh et al., the mul­
ticonfiguration Hartree-Fock (MCHF) calculations of Saha (1991, 1995), the fully 
relativistic calculation of Sienkiewicz and Baylis and the recent relativistic dynamic 
distortion model of McEachran and Stauffer. Clearly the best agreement exists with 
the calculations of McEachran and Stauffer (1997) and Saha (1995), with both cross 
sections lying within the experimental uncertainties of the present data (and those 
of Weyhreter et al.) at all angles. Also shown is the previous MCHF calculation of 
Saha (Saha 1991), which is about 25% lower than the present results at most scat­
tering angles. This highlights the effect of including the higher-order polarisation 
terms on the calculated DCS. The calculation of Sienkiewicz and Baylis displays 
the same shape as the present cross section, however it is uniformly higher in mag­
nitude. It is interesting to note the significant differences (~ 10%) between the 
calculation of Mimnagh et al. and McEachran and Stauffer around the maximum 
in the cross section. The only substantive difference in the two calculations is the 
relativistic nature of the latter and the differences in the calculated cross sections 
reflect a surprising difference of about 20% in the pi/2 and P3/2 phaseshifts at this 
energy (McEachran 1996).
At 1.5 eV (figure 4.4(a)), comparison is made with the data of Weyhreter et al. and 
the cross section calculated with the interpolated phaseshifts of Williams. The 
present DCS results and those of Weyhreter et al. agree to within the combined ex-
61
o  0.25o  0.25
2  0.22  0.2
^  0 . its 0.1 \|
30 60 90 120 150 180
Scattering Angle (degrees)
30 60 90 120 150 180
Scattering Angle (degrees)
Figure 4.4: Absolute DCS for elastic scattering from argon at 1.5 eV. (a) 
comparison of experimental data: • Present results, o Weyhreter et al.,
------ W illiam s,------- present phaseshift analysis, (b) comparison of present
experiment with theory: • Present resu lts,------ McEachran and Stauffer
(1997),------ Saha (1995),--------- Sienkiewicz and Baylis.
perimental error at all points while the values of Williams are again lower at angles 
larger than 120° but are within the combined errors at all other angles. Comparison 
of the measured DCS with the calculations of McEachran and Stauffer, Sienkiewicz 
and Baylis and Saha (1995) is made in figure 4.4(b). Best overall agreement is again 
found with the cross sections of McEachran and Stauffer and Saha. Here, however, 
the former has slightly larger magnitude than the experimental cross section in the 
region of the maximum (60-90°) and the latter once again shows the cross section 
maximum occurring at a slightly smaller angle than the experiment. The calcu­
lation of Sienkiewicz and Baylis is in good agreement with experiment at forward 
and backward angles but is about 25% larger in magnitude near the cross section 
maximum at mid-angles.
At 2.0 eV (figure 4.5(a)) the only other experimental result is derived from the in­
terpolated phaseshifts of Williams. It shows similar small differences to the present 
measurement as at the lower energies. Generally, however, the agreement is very 
good, with the exception of the largest scattering angles (> 120°) where it lies
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Figure 4.5: Absolute DCS for elastic scattering from argon at 2.0 eV. (a) com­
parison of experimental data: • Present results,------ W illiams,------- present
phaseshift analysis. (b) comparison of present experiment with theory:
• Present resu lts,------ McEachran and Stauffer (1997), -------  Saha (1995),
—  McEachran and Stauffer (1983).
about 50% lower than the present measurements. Comparison with several theoret­
ical calculations is made in figure 4.5(b). There is reasonably good agreement with 
the polarised orbital calculation of McEachran and Stauffer (1983) over most of the 
angular range and with the recent calculations of Saha (1995) and McEachran and 
Stauffer (1997).
At 3 eV comparison can be made with the lowest energy measurements of both 
Srivastava et al. (1981) and the cross section derived from the phaseshifts of Fürst 
et al. (1989), as well as with the cross section of Williams (figure 4.6(a)). The 
present cross section is in good agreement, within the combined errors, with those 
of Srivastava et al. and Fürst et al. at all angles. The largest differences occur at the 
peak of the cross section (~ 60°) in the former case. The agreement with the cross 
section of Williams is also reasonably good although the differences are marginally 
outside combined experimental errors at very forward and backward angles. At 
this energy comparison with the calculations of Nahar and Wadehra (1987), Saha 
(1995) and McEachran and Stauffer (1997) is shown in figure 4.6(b). All of these
63
30 60 90 120 150 180
Scattering Angle (degrees) Scattering Angle (degrees)
Figure 4.6: Absolute DCS for elastic scattering from argon at 3.0 eV. (a)
comparison of experimental data: • Present resu lts,--------- Fürst et al.,
o Srivastava et a l.,------ W illiams,------- present phaseshift analysis, (b) com­
parison of present experiment with theory: • Present results,------ McEachran
and Stauffer (1997),------ Saha (1995), - --Nahar and Wadehra.
calculations are in good agreement with the present data, except that of Nahar and 
Wadehra in the region of the cross section maximum. It is also interesting to note 
that the relativistic calculation of McEachran and Stauffer is essentially identical 
to the earlier non-relativistic version of this model (Mimnagh et al. - not shown in 
figure 4.6(b)) at this energy. This may suggest that the relativistic effects are more 
important at lower impact energies.
At 4 eV the results from the Nebraska spectrometer (and the phaseshift analysed 
curve) are compared with the experimental DCS of Williams (figure 4.7(a)). They 
show a similar trend to the ANU results at lower energies in that the structure in 
the DCS is shifted to lower angles than that of Williams. It is also interesting, how­
ever, that the magnitude of the cross section peak around 60-70° is larger than that 
of Williams by about 10%. This is contrary to the previous comparisons at lower 
energies between the Williams and ANU data. At angles above 90° the agreement 
between the two cross sections is excellent. In figure 4.7(b) the Nebraska measure­
ments are compared with the calculations of McEachran and Stauffer (1997) and
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Figure 4.7: Absolute DCS for elastic scattering from argon at 4.0 eV.
(a) comparison of experimental data: ■  Nebraska resu lts,------ Williams,
------ present phaseshift analysis, (b) comparison of experiment with theory:
■ Nebraska results,------ McEachran and Stauffer (1997),------- Saha (1995).
Saha (1995). The experimental DCS has larger magnitude than both of the calcula­
tions at all scattering angles, particularly those less than 90°. The best agreement is 
found with the relativistic, dynamic distortion calculation of McEachran and Stauf­
fer.
The shape of the differential cross section changes substantially between 4 and 5 eV. 
At 5 eV, both minima of the DCS fall within the angular range of our spectrometer 
and the relative magnitude of the cross section in these two regions changes dramat­
ically from that observed at the lower energies. Comparison of the present ANU and 
Nebraska measurements with three previous experiments is shown in figure 4.8(a). 
There is excellent agreement between the present measurements and the Nebraska 
results, with the DCS values lying well within combined experimental uncertainties 
at all common angles. Comparison with the other experimental values shows that, 
while overall features of the cross sections are similar, there are some substantial 
differences between them in the detail. The present cross section exhibits minima 
at 25°and 126°and a broad maximum at around 70°. The cross section of Williams 
is in good agreement with the present data in terms of the relative magnitudes of
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Figure 4.8: Absolute DCS for elastic scattering from argon at 5.0 eV. (a) 
comparison of experimental data: • Present results - ANU, ■ Nebraska re­
sults, -------- Fürst et ab, o Srivastava et a b ,-------- W illiams,------- present
phaseshift analysis, ANU data, (b) comparison of present experiment with
theory: • Present resu lts,------McEachran and Stauffer (1997), ------- Saha
(1995), —  Dasgupta and Bhatia.
these features, however at forward angles it is substantially higher in magnitude 
(60% higher than the present DCS at 12°). The position (32° versus 25°) of the 
first minima is also higher. Both cross sections are in reasonably good accord in the 
region of the deep second minimum. The cross section of Srivastava et ab shows 
better agreement with the present DCS than that of Williams at angles less than 
about 80° but drops more rapidly than the present measurement to a minimum 
at about 120°. The data of Fürst et ab agree with the present DCS (within the 
combined error bars) at all but the most backward angles, although both minima in 
their cross section occur at angles about 5° lower than in the present measurement. 
In figure 4.8(b) a comparison between the present ANU cross section and the cal­
culations of Dasgupta and Bhatia (1985), McEachran and Stauffer (1997) and Saha 
(1995) is made. Dasgupta and Bhatia used the method of polarised orbitals, with 
the perturbed part determined in the adiabatic approximation, only the dipole term 
of the direct interaction potential being included and using exchange polarisation 
terms. All three calculations show a good level of agreement with the experiment,
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Figure 4.9: Absolute DCS for elastic scattering from argon at 7.5 eV. (a) 
comparison of experimental data: • Present results, o Srivastava et al.,
------ W illiams,------- present phaseshift analysis, (b) comparison of present
experiment with theory: • Present resu lts,------ McEachran and Stauffer
(1997),------ Saha (1995), —  Dasgupta and B hatia,------- Bell et al.
although the best overall accord appears to be with the cross section of Saha.
At 7.5 eV experimental results from Williams and Srivastava et al. are compared 
with the present data (figure 4.9(a)). The agreement with the cross section of 
Williams is slightly better at this energy than that observed at 5 eV, although the 
same general differences at forward and backward angles occur. The experimental 
data of Srivastava et al. are generally smaller in magnitude than the present mea­
surements and the deep second minimum in their cross section occurs at a lower 
angle. The present experiments are compared with the calculations of Bell et al. 
(1984), Dasgupta and Bhatia, Saha (1995) and McEachran and Stauffer (1997) in 
figure 4.9(b). The agreement with the DCS of Dasgupta and Bhatia is excellent 
at all but the most backward angles where their minimum is at a slightly smaller 
angle. Similar comments apply to the comparison with the DCS of Saha, which is 
very similar to that of Dasgupta and Bhatia. The calculation of Bell et al. is an 
i?-matrix, coupled-state calculation based on a single configuration atomic ground 
state wavefunction coupled to a !P pseudostate. They neglect spin-orbit coupling
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Figure 4.10: Absolute DCS for elastic scattering from argon at 10 eV. (a) com­
parison of experimental data: • Present results,---------Fürst et ab, o Srivas-
tava et a l . ,------ W illiams,------- present phaseshift analysis, (b) comparison
of present experiment with theory: • Present results,------ McEachran and
Stauffer (1997),------ Saha (1995),----- Dasgupta and Bhatia, --- Fon et al.
and other relativistic effects and use LS coupling for the calculation. It is also in 
good agreement with the relative magnitudes of the principal features of the cross 
section, but these features occur at smaller scattering angles than in the experiment. 
The cross section of McEachran and Stauffer is a little higher than the experiment 
at forward angles but in good accord otherwise.
The present experimental DCS and those of Williams, Srivastava et al. and Fürst 
et al. at an incident energy of 10 eV are shown in figure 4.10(a). The present cross 
section is in best agreement with that of Williams. The DCS of Srivastava et al. is 
in good agreement with the shape of the present cross section, however, it appears 
that there is a consistent angular offset of about 3-5° between the two. The cross 
section of Fürst et al. is in excellent agreement with the present data except at 
angles between 40-70° where it does not show the shallow minimum evident in the 
present cross section and those arising from the other measurements. The experi­
mental cross section of Qing et al. (1982) is not shown since the values reported are 
significantly lower than those of Srivastava et al., at both forward and backward
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angles. Figure 4.10(b) shows a comparison with some available theoretical cross sec­
tions. There is little to differentiate between those calculations which show the best 
agreement with the present experiment, namely the Ä-matrix calculation of Fon et 
ah, the polarised orbital DCS of Dasgupta and Bhatia, the Hartree-Fock treatment 
of Saha (1995) and the relativistic, dynamic distortion calculation of McEachran 
and Stauffer.
4.4 Phaseshift analysis
The measured differential cross sections were analysed to extract scattering phase- 
shifts to compare to the published experimental and theoretical phaseshifts of other 
workers. The technique used was the regularised phaseshift analysis of Allen (1986) 
and Allen and McCarthy (1987). It has previously been used by Brunger et al. 
(1992) and Gulley et al. (1994) for elastic electron scattering from helium and neon 
respectively. Details of the procedure can be found in these references, however the 
essential points follow. The differential cross section is expanded as:
a((9,a)
1
2k ^ ( 2 /  + l)[S,(a)-l]P,(cos0) 
/=0
(4.1)
where
S,{a)
N
= exp(2 z£/(a)) =
n = 1
A2 -  a 2n
(4.2)
and £/(a) are the phaseshifts for each partial wave, A =  / +  1/2 and a =  {an} is 
the set of all the real and imaginary parts of the 2N  complex parameters an and 
ßn(n = 1, 2,..., N). During the analysis, the function
M
M  -  P
(Tj -  a(9i,a) 
(Acq)2
(4.3)
is minimised and should be close to unity if the parametrisation of equation 4.1 
is satisfactory and the non-statistical errors are small. In this equation M  is the 
number of data points in the experiment, P = 2N  for real phaseshifts, <Tj is the 
measured differential cross section at the scattering angle 0*, cr(#i,a) is the cross 
section at angle 0* calculated according to equation 4.1 and is the statistical 
error in <7*. The procedure may also be regularised by minimising
X2 = X i +  7 T £ " ~ a"0>)2 (4-4)
where the a priori information for the set al°* is taken from the theory which best 
reproduces the present data at that energy and which will produce positive error
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Figure 4.11: (a) s-wave and (b) p-wave phaseshifts for elastic electron scatter­
ing from argon at energies below 10 eV. • Present results - ANU, ■ Nebraska
results,---------Fürst et a b ,---------W illiam s,------- McEachran and Stauffer
(1997),------ Saha (1995),-------- Mimnagh et a l . ,----- Dasgupta and Bhatia.
matrices. In the present analysis we used the phaseshifts of Saha (1995) at 1.0, 1.5, 
2.0, 3.0 4.0, and 10.0 eV and those of Dasgupta and Bhatia (1985) at 5.0 and 7.5 
eV to regularise the fitting procedure. 7  is the regularisation parameter used to 
vary the weighting given to the a 'priori phaseshifts and it was chosen such that 
equation 4.4 was minimised. In equation 4.1 the summation over / is, in principle, 
infinite. In practice only a small number of phaseshifts are actually determined in 
the fit, with the higher order terms calculated in the Born approximation, based on 
the assumption of an adiabatic —a /2 r 4 tail to the interaction potential. The static 
dipole polarisability of argon was taken to be 11.08 ajj (Miller and Bederson 1977). 
Further details of the procedure are given by Allen (1986) and Allen and McCarthy 
(1987).
The first four phaseshifts arising from the present analysis, the \ 2 value, and the 
total elastic, Qei, and momentum transfer, Qmt, cross sections generated from the 
derived phaseshifts at each energy are presented in table 4.3. Also presented is a 
summary of other available values. A graphical comparison is made for the en­
ergy dependence of the s-, p- and d-wave phaseshifts in figures 4.11(a) and (b) and
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Figure 4.12: d-wave phaseshifts for elastic electron scattering from argon 
at energies below 10 eV. • Present results - ANU, ■ Nebraska results,
--------- Fürst et a l . , ---------W illiam s,--------McEachran and Stauffer (1997),
------ Saha (1995),--------Mimnagh et a l . ,----- Dasgupta and Bhatia.
4.12 with some of the other published values. The present s-wave phaseshift (fig­
ure 4.11(a)) is in best agreement with th a t of Williams (1979) and Dasgupta and 
Bhatia between 1 and 10 eV. It is substantially lower than  th a t of Saha (1995) a t 
energies below 5 eV. The p-wave phaseshift (figure 4.11(b)) is in best agreement 
with Saha (1995) and Mimnagh et al. (1993) between 1 and 7.5 eV. At 10 eV the 
present value of the p-wave phaseshift is anomalously higher than  all the other de­
term inations. This may be due to the difficulty of applying the present analysis at 
higher energy, discussed in the next paragraph. The d-wave phaseshifts (figure 4.12) 
are in best agreement with those of Mimnagh et al. over the entire energy range.
Application of the fitting process to the present data at higher energies (>  5 eV) 
needs further comment. Below 5 eV, the fit to the measured DCS was carried out 
with N =  2 in equation 4.2. However at 5.0, 7.5 and 10 eV, the fits obtained with 
this level of param etrisation of the 5-m atrix  were poor, and the phaseshifts derived, 
particularly the s- and p-waves, differed significantly from most other determ ina­
tions. This coincided with increased structure in the elastic DCS at energies ~  5 
eV and, as a result, the adequacy of the N  =  2 param eterisation in describing
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Scattering Angle (degrees)
Figure 4.13: Comparison of present experimental data and the cross sections 
derived from the various phaseshift analyses of these values at an energy
of 10 eV. • Present d a ta ,------phaseshift analysis with N =  2, 2 hessian,
----phaseshift analysis with N =  2, 3 hessian,-------phaseshift analysis with
N =  3, 2 hessian,------phaseshift analysis with N =  3, 3 hessian (See text).
the scattering process at these energies was suspect. Consequently an N = 3 pa- 
rameterisation (which corresponds to introducing more flexibility into the allowed 
solutions of the 5-matrix) was tried. The quality of the fits obtained was dramati­
cally improved, although this was accompanied by a corresponding increase in the 
uncertainty of the derived parameters, in particular the phaseshifts and the integral 
cross sections. Figure 4.13 is a comparison of the various analyses at 10 eV. Hessian 
refers to the number of s-matrix parameters in the initialisation of the fitting process.
This result is not too surprising. While increased structure in the measured DCS 
does, in principle, help when trying to extract unique s-, p- and d-wave phaseshifts, 
the increased flexibility which results from using an N =  3 parameterisation appears 
to counteract this by increasing the number of allowable, but non-physical solutions. 
This is reflected in the larger error bars obtained for the derived parameters. Of
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E (eV) Reference Vo Vi V2 V3 Q el Q m t
1.0 Present -0.1625 0.0114 0.0274 0.00788 1.006 1.49 1.51
Williams (1979)“ -0 .144 -0.0148 0.0339 0.0264 1.30b 1.16b
Mimnagh et al. (1993) -0.1642 0.0113 0.0279 0.00800 1.51b 1.55b
McEachran and Stauffer (1997) -0.1566 0.0109 0.0278 0.00801 1.40 1.43
0.0129c
Saha (1991) -0.1172 0.0190 0.0345 0.0093 1.03b 1 . 0 0 b
Saha (1995) -0.1602 0.0139 0.0245 0.00925 1.43 1.49
Sienkiewicz and Baylis (1987) -0.1799 0.00887 0.0273 0.00802 1.76b 1.78b
1.5 Present -0 .2513 -0 .0154 0.0439 0.0116 1.009 2.36 2.07
Williams“ -0.235 -0 .0407 0.056 0.00645 2.41b 2.02b
McEachran and Stauffer (1997) -0.2545 -0 .0168 0.0460 0.0121 2.43 2.14
—0.0139c
Saha (1995) -0.2556 -0.0148 0.0403 0.0135 2.38 2.09
Sienkiewicz and Baylis“ -0.2746 -0 .0220 0.0466 0.0121 2.79b 2.41b
2.0 Present -0.3434 -0 .0425 0.0627 0.0180 1.002 3.41 2.78
Williams“ -0.319 -0.0716 0.0825 0.0117 3.58b 2.93b
McEachran and Stauffer (1983) -0.3228 -0 .0453 0.0684 0.0158 3.17 2.62
McEachran and Stauffer (1997) -0.3415 -0 .0509 0.0675 0.0163 3.47 2.83
—0.0470c
Saha (1995) -0.3404 -0 .0500 0.0583 0.0184 3.34 2.65
3.0 Present -0.4904 -0.1149 0.1117 0.0220 0.999 5.25 4.15
Williams -0 .457 -0 .134 0.142 0.021 5.64b 4.69b
Srivastavaet al. (1981) -0 .548 -0 .140 0.125 0.035 5.5 4.1
Fürst et al. (1989) -0 .488 -0 .124 0.102 0.025 5.20
Nahar and Wadehra (1987) -0 .490 -0 .132 0.130 0.0241 5.80 4.64
McEachran and Stauffer (1997) -0.4921 -0 .1253 0.1215 0.0251 5.56 4.41
—0.1206c
Saha (1995) -0.4869 -0 .1235 0.1040 0.0276 5.20 3.94
4.0 Nebraska -0.7045 -0 .178 0.186 0.0447 1.272 8.46 6.80
Williams“ -0.574 -0 .197 0.2085 0.0299 7.58b 6.50b
McEachran and Stauffer (1997) -0.6205 -0 .2006 0.1911 0.0343 7.73 6.35
Saha (1995)“ -0.6094 -0 .1988 0.2053 0.0349 7.96b 6.67b
5.0 Present -0.7253 -0 .277 0.267 0.0149 1.272 9.74 8.73
Williams“ -0.692 -0 .257 0.319 0.0389 10.61b 9.59b
Srivastavaet al. -0 .747 -0 .256 0.254 0.102 8.4 6.4
Fürst et al. -0 .770 -0 .277 0.228 0.044 9.42
Dasgupta and Bhatia (1985) -0 .7209 -0 .2459 0.2580 0.0442 9.17 7.80
McEachran and Stauffer (1997) -0 .7333 -0 .2720 0.2768 0.0441 10.07 8.63
Saha (1995) -0.7204 -0 .2662 0.2399 0.0428 9.04 7.47
7.5 Present -0.9061 -0 .4027 0.5118 0.058 0.990 14.97 13.22
Williams“ -0.918 -0 .404 0.617 0.065 17.95b 16.15b
Srivastavaet al. -1 .051 -0 .398 0.491 0.125 13.0 11.0
Bell et al. (1984)“ -0 .9962 -0 .4677 0.4256 0.07018 14.13 11.75
Dasgupta and Bhatia“ -0.9671 -0 .3907 0.5092 0.0708 14.986 13.24b
McEachran and Stauffer (1997) -0.9692 -0 .4330 0.5520 0.0705 16.72 14.65
Saha (1995) -0 .9455 -0 .4219 0.5057 0.0722 15.22 13.20
10.0 Present -1.1031 -0 .4245 0.8638 0.091 4.62 20.66 17.85
Williams -1.098 -0 .528 0.936 0.093 23.35b 18.946
Srivastava et al. -1 .243 -0 .430 0.805 0.171 18.0 15.0
Fürst et al. -1 .08 -0 .650 0.720 0.071 19.95
Dasgupta and Bhatia -1 .1438 -0 .5376 0.7539 0.0999 19.38 15.80
Fon et al. (1983) -1.1554 -0 .5865 0.7568 0.0849 20.05 16.09
McEachran and Stauffer (1997) -1 .1607 -0 .5694 0.8633 0.0995 22.41 17.83
Saha (1995) -1.1302 -0 .5473 0.8532 0.1001 21.86 17.55
“ Indicates interpolated values
b Indicates values generated from interpolated or published values 
c P3 /2  phaseshift
Table 4.3: A comparison of the first four elastic scattering phaseshifts (radi­
ans) derived from the present analysis with those from some previous studies. 
Also shown are the goodness of fit indicator y2, and the total and momentum 
transfer cross sections (Ä2) obtained from the present DCS via the phaseshift 
analysis.
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Figure 4.14: Integral elastic cross section for electron scattering from ar­
gon. • Present results, o Srivastava et a l . , -------- Fürst et al., ■ Buck-
man and Lohmann (1986), A Nickel et al. (1985), x Ferch et al. (1985), 
------McEachran and Stauffer (1997),-------Saha (1995).
course the procedure of regularisation, where one a priori aids the fit to minimise 
to the “correct” part of x2-space, should account for these non-physical solutions 
(Allen and McCarthy 1987). Thus whilst it was clearly possible to obtain a good fit 
to the present data at the higher energies by introducing more flexibility to the pro­
cess, the fundamental problem, within the bounds of the present technique, is that 
there was no theory which was sufficiently close to the experimental cross section 
which could be usefully employed to regularise the fit. Nonetheless the values given 
in table 4.3 for energies of 5 eV and above are generated from the fits with N  = 3. 
In cases such as those at 5.0, 7.5 and 10 eV where the DCS has significant angular 
structure even small “non-statistical” errors (Allen and McCarthy) can affect the 
value of x 2 out of all proportion to their own absolute values.
There have been other concerns over the application of such a phaseshift analysis 
to an atom such as argon. In fact, as has been pointed out by Fürst et al. (1989), 
the applicability of the technique to heavier atoms is not generally accepted. Fürst 
et al. also question the use of the Born approximation based on an asymptotic 
—a /2r4 interaction potential to generate high-order phaseshifts in these circum-
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Energy (eV)
Figure 4.15: Momentum transfer cross section for argon. • Present results, 
o Srivastava et al., — — Nakamura and Kurachi, ■ Milloy and Crompton
(1977),------McEachran and Stauffer (1997),-------Saha (1995),-----Dasgupta
and Bhatia.
stances, even at low energies. Its use in the present case may also be questionable 
in that departures from L-S coupling, as a result of spin-orbit interaction and other 
relativistic effects, become increasingly important as one descends the rare gas col­
umn of the periodic table. A recent low energy spin-polarised electron scattering 
study by Diimmler et al. (1995) suggests that there is only a weak departure from 
L-S coupling in argon, with the two fine-structure states having approximately the 
same radial wavefunctions, and that the spin-orbit interaction of the continuum 
electron can be neglected. On the other hand the calculations of McEachran and 
Stauffer (1997) indicate that relativistic effects are significant at energies below 5 
eV, giving rise to pi/2 and p3/2 phaseshifts which differ by 20% at 1 eV and 3% at 
3 eV. The extent to which these differences can be approximated by a single non- 
relativistic p-wave phaseshift is not known. The theoretical study of Grechukhin 
and Lomonosov (1994) also states that relativistic effects are significant for elastic 
electron scattering at incident energies less than 5 eV, particularly for s- and p- 
waves. They find that for an incident electron energy of 10~8 eV, the relativistic 
total cross section differs from the non-relativistic cross section by 15%.
The integral elastic and elastic momentum transfer cross sections, generated from
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the derived phaseshifts, are shown in figures 4.14 and 4.15 respectively where they 
are compared with other experimental and theoretical values. In figure 4.14 the 
present integral elastic cross section is compared with a selection of other values, 
including those derived from the DCS measurements of Srivastava et al. (1981) and 
Fürst et al., and with the direct total cross section measurements of Nickel et al. 
(1985), Ferch et al. (1985) and Buckman and Lohmann (1986). Also compared 
are the calculated values of Dasgupta and Bhatia (1985), Fon et al. (1983), Saha 
(1995) and McEachran and Stauffer (1997). The present results are in excellent 
agreement with the previous time-of-flight attenuation measurements from this lab­
oratory (Buckman and Lohmann), with the exception of the data at 1 eV. Here the 
DCS-derived cross section is about 30% higher than the attenuation measurement 
and about 20% higher than the similar attenuation measurement of Ferch et al. The 
present data show excellent agreement with the phaseshift-derived measurements of 
Fürst et al. and Srivastava et al. and the calculation of Saha (1995) across the 
whole energy range. Below about 5 eV they also agree well with the calculation 
of McEachran and Stauffer (1997), however above this energy the calculated cross 
section is about 10% higher than the present cross section, partly reflecting the 
differences in the DCS at forward scattering angles.
In figure 4.15 the elastic momentum transfer cross section is compared with the 
swarm-derived results of Milloy and Crompton (1977) and Nakamura and Kurachi 
(1988), the phaseshift-derived results of Srivastava et al. and the calculations of Das­
gupta and Bhatia, Saha (1995) and McEachran and Stauffer (1997). The agreement 
with the swarm result of Milloy and Crompton is excellent at all common energies 
up to their maximum value of 4 eV. There is also reasonably good agreement with 
the calculations of Dasgupta and Bhatia, Saha and McEachran and Stauffer.
4.5 Discussion
This investigation has provided a further set of accurate DCS data and scattering 
phaseshifts for elastic electron scattering from argon. Comparison with previous 
experiment and theory, particularly at energies below 5 eV, where the number of 
previous absolute determinations is limited, has been made. In terms of previous 
experiments the present data are in excellent agreement with the data of Weyhreter 
et al. (1988) within the combined experimental error at all common energies. The 
differential cross sections generated from the phaseshifts of Williams (1979) are gen­
erally higher than our measured values at both forward and backward angles but 
agree well in the central region (40-100°). At the phaseshift level the differences, 
for example, between the present s-wave phaseshift and that of Williams vary from 
about 1% at 7.5 eV to about 10% at 5 eV. Agreement with the measurements of 
Srivastava et al. (1981) is quite good at 3.0 eV. However, at higher energies it is clear 
there is a consistent angular difference between the two data sets. In particular the 
deep second minimum in their data occurs at a lower angle (by ~  5°) than in the
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present measurements and these differences are larger than the combination of the 
angular uncertainties. The data of Fürst et al. (1989) generally agree well in mag­
nitude with the present data, lying within combined errors at almost all energies, 
but small differences in shape result in cross sections which are persistently higher 
or lower than the present values in certain angular regions. The only other recent 
experimental DCS values are those of Qing et al. (1982). As the data are signif­
icantly lower in magnitude than those of Srivastava et al. they are not compared 
with the present data.
Part of the motivation for this work was provided by the excellent level of agree­
ment between theory and experiment in recent applications of the multiconfiguration 
Hartree-Fock calculations of Saha for low energy elastic electron scattering from he­
lium (Saha 1989b, 1993a) and neon (Saha 1989a, 1990). The method accounts for 
electron correlation and polarisation effects very accurately in an ab-initio fash­
ion, and it assumes that spin-orbit and other relativistic effects are not significant. 
Since this good agreement was also part of the rationale behind the proposal that 
the neon cross section was appropriate for use as a ‘secondary standard’ it was 
appropriate that a thorough comparison be made in this case with the multicon­
figuration Hartree-Fock calculations for argon (Saha 1991, 1993b, 1995). The level 
of agreement between the present data and Saha’s most recent calculated DCS at 
all energies is very good. The theoretical cross section lies within the experimental 
uncertainties at most energies and scattering angles.
There is also reasonable overall agreement between the present experimental cross 
sections and the dynamic distortion calculations of Mimnagh et al. (1993) and 
McEachran and Stauffer (1997). The inclusion of relativistic effects in the latter im­
proves the agreement at energies below about 3 eV. The calculation of Sienkiewicz 
and Baylis (1987) uses a fully relativistic Hartree-Fock method with a frozen core, 
dipole and quadrupole polarisation corrections and exact exchange. This theory 
consistently overestimates the magnitude of the differential cross section compared 
to the present data but the differences diminish as the energy increases. The calcu­
lation of Dasgupta and Bhatia (1985) also compares well with the present results, 
particularly as the energy is increased. They too employ the method of polarised 
orbitals and exact exchange, but only the dipole term of the direct interaction po­
tential is included in the calculation. The /2-matrix calculations of Bell et al. (1984), 
using a single configuration atomic ground state coupled to a *P pseudostate, and 
Fon et al. (1983), also using a ground state wavefunction coupled to a T  pseu­
dostate, to include the full dipole polarisability, are generally lower than the present 
experiments at forward scattering angles and higher at backward angles, in part re­
flecting slight differences in the shapes of the DCS. The agreement with experiment 
for both calculations improves as the energy is increased, although the DCS of Fon 
et al. are slightly closer to the present values. Fon et al. noted that their calculation 
may be unreliable at energies lower than about 5 eV because contributions to the 
polarisability from higher multipoles, which may be playing an important part in 
the scattering, are not included. This is consistent with the differences observed
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between the two Saha calculations (1991 and 1995). Nahar and Wadehra (1987) 
used model static and polarisation potentials with an exchange potential, their aim 
being to produce a single interaction potential to predict both positron and electron 
scattering from argon. Their theory produces differential cross sections which are 
slightly higher than the present experiment in both the forward and central angular 
ranges.
Berg (1983) uses a \ a  approximation and treats exchange terms in the scattering 
potential. This calculation is available for comparison at 10 eV where it was com­
pared with the data of Srivastava et al. It appears higher in magnitude than the 
Srivastava et al. values at this energy and so is probably closer to the present val­
ues. Bloor and Sherrod (1986) use a general nonparameterised continuum scattering 
wave method, with a local exchange approximation based on the Hara free electron 
gas model. Their model shows reasonable agreement with the present DCS, with the 
best agreement at higher energies. Haberland et al. (1986) use a Kohn-Sham type 
one-particle theory. Their angular distributions at 5 and 10 eV are in reasonable 
agreement with the magnitude of the present data but relative to the present data 
the turning points of their distributions are consistently shifted to forward angles. 
Kemper et al. (1983) employ an effective local potential, an exchange-correlation 
approximation and an absorptive potential in their calculation. The result, avail­
able for comparison at 10 eV, is in reasonable agreement with the present DCS with 
regard to shape and magnitude. Yousif and Matthew (1986), with a local-density 
approximation and incorporating Hara exchange and Hedin-Lundqvist correlation 
at high electron density, compare reasonably well with the present data at 3 and 
10 eV. However, they too display a first minimum in the angular distribution which 
occurs at angles lower than those of the present data.
For the integral elastic and elastic momentum transfer cross sections, agreement 
between the present cross sections, derived from the fitted phaseshifts, and direct 
measurements and swarm derivations is very good, generally within the combined 
experimental errors. Most of the calculations also show much better agreement with 
the integral cross sections across the entire range of energies, although in some cases 
this is a function of differing relative magnitudes in the DCS in different angular 
regions cancelling one another in the integral cross sections. Once again this high­
lights the value of angular information in assessing agreement between experiment 
and theory.
4.6 New developments
There has been an exciting new development in the world of low energy differential 
cross section measurements, which was reported after the completion of this work 
in argon. Zubek et al. (1996) presented measurements for the elastic scattering of 
electrons from argon in the hitherto inaccessible part of the angular distribution,
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from 140° to 180°. They added a localised magnetic field in the target region of 
a conventional spectrometer in order to “rotate” the scattering plane. This was 
achieved by “bending” the incident electron beam through angles of up to 90° in 
the scattering plane. For elastic scattering this effectively changes the angle of the 
outgoing electron by the same amount, allowing access to the backward angle region. 
This applied magnetic field required particular properties. Firstly, that deflected 
electrons remained in the scattering plane and reached the interaction region, and 
secondly that the field be negligible in the region of the energy selector and analyser 
(Read and Channing 1996). The Zubek et al. (1996) DCS results for elastic electron 
scattering from argon at 10 eV are compared with the present data in figure 4.16. 
They matched the relative scattering intensities measured with the magnetic de­
flection on and off at equivalent angles. They then calculated the relative elastic 
differential cross section below 30°, using the phaseshifts of Fon et al. and integrated 
the whole angular distribution to find a total cross section. This total cross section 
was then normalised to the total cross section of Buckman and Lohmann. The 
cross section so produced agrees reasonably well with the present data, although 
the agreement is best in the backward angles. This new technique will allow a more 
thorough test of the theoretical cross sections. Many of these calculations agree 
quite well with the present data in the angular range presently available to this 
spectrometer, but exhibit large differences between themselves at backward angles, 
particularly at 180°.
Backward angle scattering is a challenge for theorists. The electron experiences max­
imum momentum transfer, maximum penetration of the atomic/molecular charge 
cloud with consequent maximum distortion of that cloud, and spends the longest 
time in the region of the atom, increasing the possibility of exchange. Thus to 
correctly describe backward scattering a theoretical approach needs to adequately 
treat short range interactions, including higher multipole polarisation terms, and 
possibly taking into account the dynamic nature of the charge cloud distortion. It 
also needs to provide a good approximation for exchange or treat it exactly. With 
this advance by Read and Channing (1996) and Zubek et al. (1996) in experimental 
practice, the testing of theoretical approaches will be even more rigorous.
Also since the present work was completed another experimental study of the dif­
ferential cross section for argon, in the intermediate energy range (10 to 100 eV), 
has been made by Panajotovic et al. (1997). They made relative measurements in 
order to obtain minima in elastic scattering and normalised their relative DCS to 
that of Srivastava et al. Consequently this study is in reasonable agreement with 
the present data at 10 eV.
4.7 Conclusions
The present work in argon provided a critical comparison of results obtained with 
two different spectrometers. The results are generally in good accord although there
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Figure 4.16: Absolute DCS for elastic scattering from argon at 10.0 eV. 
• Present results,------ present phaseshift analysis, A Zubek et al. (1996).
are some small (5-10%) but systematic differences apparent from careful scrutiny 
of the energy dependence of the differential cross section between 2 and 5 eV. It 
would appear that the level of agreement is not adequate for the use of argon as a 
secondary standard in the relative flow technique.
One would have to conclude, however, that the agreement between experiment and 
theory for low energy electron scattering from argon is encouraging, particularly 
at energies below about 5 eV, where the two most recent theoretical calculations 
are generally within 5-10% of the experimental values at all scattering angles. The 
coming challenge of large scattering angle measurements of differential cross sections 
should provide another test for the various theoretical approaches.
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CHAPTER 5
Xenon
5.1 Introduction
Relativistic interactions can be very important in the scattering of electrons from 
heavy atomic targets, even when the impact energy is very low (a few eV). These 
effects can be so large that they are apparent in the integral cross sections for elas­
tic scattering from systems such as krypton and xenon where, for example, recent 
relativistic scattering calculations (McEachran and Stauffer 1987) show significant 
differences in the position of the Ramsauer-Townsend (R-T) minima from that ob­
served in similar calculations performed in a non-relativistic framework (McEachran 
and Stauffer 1984).
There have been several recent experimental and theoretical investigations of low 
energy electron scattering from xenon. Below 2 eV there is an extensive set of mea­
surements of elastic differential cross sections by Weyhreter et al. (1988), however 
the angular range of these measurements is limited to 20-100°. At higher energies 
Klewer et al. (1980) measured elastic DCS between 2-300 eV, Register et al. (1986) 
between 1 and 100 eV, Nishimura et al. (1987) from 5 to 200 eV and Ester and 
Kessler (1994) from 40 to 100 eV. There are also the small angle measurements 
of Wagenaar et al. (1986) and the 20 eV measurement of the elastic differential 
cross section of Williams et al. (1975b). Theoretical studies include the work of 
McEachran and Stauffer (1984, 1987 and 1988) who have applied several versions 
of the polarised orbital method to e_-Xe scattering, including solution of the Dirac 
equations to account for relativistic interactions. Yuan (1995) has used Dirac-Fock 
wavefunctions for a calculation of elastic DCS from 0.5 to 10 eV. This is an extension 
of earlier work (Yuan and Zhang 1989, Yuan and Zhang 1991) using Hartree-Fock 
wavefunctions with exact exchange and a parameter-free correlation-polarisation 
potential. Johnson and Guet (1994) have calculated low energy elastic scattering 
phaseshifts using relativistic many-body perturbation theory. Reid and Wadehra 
(1994) used a model potential approach with emphasis on a general, parameter-free 
correlation-polarisation potential for both electrons and positrons, while Gianturco 
and Rodriguez-Ruiz (1994) have applied density functional theory to calculate dif­
ferential and total scattering cross sections. Sienkiewicz and Baylis (1989) used 
continuum Dirac-Fock equations which included the effect of exchange on the po-
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larisation potential, Haberland et al. (1986) used a Kohn-Sham-type one-particle 
theory and Sin Fai Lam (1982) applied a semi-relativistic method with Dirac-Fock 
wavefunctions and a polarisation potential included via the Pople-Schofield method, 
normalised to an experimental value. Brief descriptions of the most recent theoret­
ical calculations for low energy elastic electron scattering from xenon are given in 
table 5.1.
Almost all direct experimental investigations of relativistic effects, such as the spin- 
orbit interaction, have been made with either spin-polarised incident electron beams 
or by measuring the polarisation of the scattered electrons. In this way the spin 
dependence of the scattering process can be readily studied. These experiments usu­
ally involve measurement of the Sherman function, where the differences between 
the elastic DCS for spin-up and spin-down electrons is expressed as an asymmetry 
(Kessler 1985, Kessler 1991). The present series of experiments attempted to exploit 
the fact that for low energy electron scattering from the heavy rare gas atoms in the 
region of the R-T minimum, the contribution to the elastic scattering cross section 
from the l  —  0 partial wave is vanishingly small. Thus, detailed differential elastic 
scattering measurements in the energy region of the R-T minimum for Xe (~ 0.8 eV) 
should provide a sensitive probe of the higher-order phaseshifts and, as the energy 
is still reasonably low, the p- and d-wave phaseshifts in particular. The relativistic 
elastic scattering calculations of the present theory (Buckman et al. 1997, Gibson 
et al. 1998)indicated that the two components of the p-wave phaseshift (pi/2 ,3/2 ) 
are both very small and significantly different (about a factor of 2) in magnitude 
in the R-T minimum region, whist the two d-wave components (d3/2,5/2 ) are also 
small but only differ by a few percent. Thus a relativistic formulation of the phase- 
shift analysis technique applied to accurate DCS measurements has the potential 
to provide experimental information on these spin-dependent phaseshifts from an 
unpolarised electron scattering experiment, thereby allowing an estimate of the 
Sherman function for energies below 1.5 eV, where there are no previous experi­
mental measurements.
This study investigated both experimental and theoretical aspects of low energy 
electron scattering from xenon. The theoretical aspects were investigated using two 
different approaches. R. P. McEachran and L. A. Parcell applied the relativistic 
polarised orbital method, previously explored by McEachran and Stauffer (1984, 
1987 and 1988), with the inclusion of polarisation and dynamic distortion poten­
tials within the general framework of the method (Buckman et al. 1997, Gibson 
et al. 1998). This is the “present theory” referred to above and subsequently in this 
chapter. D. R. Lun and L. J. Allen have applied a relativistic phaseshift analysis 
technique to extract the two components of the p-wave from the experimental dif­
ferential cross section, allowing calculation of an “experimental” Sherman function 
(Buckman et al. 1997). This is the relativistic phaseshift analysis technique referred 
to subsequently in this chapter.
Absolute elastic DCS at 10 electron energies below the first inelastic threshold (8.32
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Figure 5.1: Normalised flowrates (F.y/M)  verses driving pressure for • He 
and o Xe with linear fits to the normalised flowrate.
eV, Moore 1971) and at 10, 20, 25, 40 and 50 eV from xenon were measured. The 
data were analysed using “relativistic” phaseshift techniques. The experimental ap­
paratus and techniques for the present measurements were described in chapter 3, 
however procedures specific to xenon are further described in section 5.2.
5.2 Techniques for xenon measurements
The apparatus was operated according to the procedures described in chapter 3. 
Initially, measurements of the relative flowrates for xenon and helium were made. 
The results are presented in figure 5.1. Hard sphere diameters (a) for these species 
were <jHe =  2.551 Ä and oxe — 4.05 Ä (Reid et al. 1987). Problems associated with 
the choice of hard sphere diameters are discussed in section 3.3.4. These values 
result in an ideal ratio for the driving pressure of P*e =  0.397 P#e. The helium 
driving pressure was held at 1.2 torr, following the discussion on application of the 
relative flow technique in section 3.3.3, thus the driving pressure for xenon was 0.476 
torr. The normalised flowrates were measured and fitted in a range around these 
values for the driving pressures (figure 5.1).
83
Recent Theory 
McEachran and
(1984)
Stauffer
McEachran and Stauffer 
(1987)
Sin Fai Lam (1982)
Haberland et al. (1986) 
Sienkiewicz and Baylis 
(1989)
Yuan and Zhang (1989)
Yuan and Zhang (1991)
Johnson and Guet (1994) 
Reid and Wadehra (1994)
Gianturco and Rodriguez- 
Ruiz (1994)
Yuan (1995)
Buckman et al. (1997) 
and Gibson et al. (1998)
Brief description
polarised orbital approximation within the adia­
batic exchange approximation, including a dipole 
polarisation potential
relativistic polarised orbital approximation within 
the adiabatic exchange approximation, including a 
non-relativistic dipole polarisation potential 
semi-relativistic method with Dirac-Fock wave- 
functions and polarisation included via the Pople- 
Schofield method normalised to an experimental 
value
Kohn-Sham-type one-particle theory 
continuum Dirac-Fock equations including the ef­
fect of exchange on the polarisation potential 
static-exchange using Hartree-Fock wavefunc- 
tions with exact exchange and a parameter-free 
correlation-polarisation potential 
extension of Yuan and Zhang (1989) using a quasi- 
relativistic approach to the wavefunctions 
relativistic many-body perturbation theory 
model potential approach with emphasis on a gen­
eral parameter-free correlation-polarisation poten­
tial for both electrons and positrons 
uses density functional theory for bound and scat­
tered states of electrons
further extension of Yuan and Zhang (1989) and 
Yuan and Zhang (1991) to a fully relativistic treat­
ment using Dirac-Fock wavefunctions 
extension of McEachran and Stauffer (1987) via 
the inclusion of dynamic distortion effects
Table 5.1: A brief description of the most recent theoretical calculations for 
low energy elastic electron scattering from xenon.
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Figure 5.2: Elastic electron scattering from xenon as a function of energy in 
the region of the Xe~ resonance (2P 3/2)6s2 (1S) and at a scattering angle of
45°.
As mentioned in section 3.3.5, it is important to calibrate the energy of this ap­
paratus close to the energies of interest. Low energy calibration was made against 
the second quasi-vibrational peak of the low energy N2  shape resonance and high 
energy calibration was made against the He-  resonance as described in section 3.3.5. 
Calibration at intermediate energy was made against the Xe~ resonance, (2 P 3 /2 )6 s2  
(1 S), at 7.90 eV (Brunt et al. 1976, Sanche and Schulz 1972) in the elastic channel. 
Figure 5.2 is an example of this resonance. The overall energy resolution of the 
apparatus for these experiments was typically 80 meV.
5.3 Experimental results
Differential cross sections for elastic scattering of electrons from xenon at incident 
electron energies of 0.67, 0.75, 0.85, 1 and 1.75 eV are presented in table 5.2. For 
incident electron energies of 2, 2.75, 3.75, 5, 7.9 and 10 eV the differential cross 
sections are presented in table 5.3, and for incident electron energies of 20, 25, 40 
and 50 eV the differential cross sections are presented in table 5.4. The absolute 
uncertainties expressed as percentages are presented in parentheses next to the val­
ues. In most cases the cross sections have been measured at 5° intervals over the
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Figure 5.3: Absolute DCS for elastic scattering from xenon at 0.67 eV. (a) 
comparison of experimental data: • Present results, o Weyhreter et al. at
0.675 eV, ------  present relativistic phaseshift analysis,------ present non-
relativistic phaseshift analysis, (b) comparison of present experiment with
theory: • Present results,------ present theory, —  McEachran and Stauffer
(1987) at 0.7 e V ,---------McEachran and Stauffer (1984) at 0.65 eV.
available angular range to better facilitate phaseshift analysis. Measurements at 
smaller intervals have been made where it was necessary to accurately determine 
the position of minima in the cross sections. At energies below the first excited state 
threshold at 8.32 eV (Moore 1971) the integral elastic and momentum transfer cross 
sections have been extracted from the phaseshift analysis (section 5.5). At energies 
above the threshold integral cross sections have been found from extrapolation of 
the measured DCS to 0° and 180° and integration (see section 3.4.1). These integral 
cross sections are also presented in the tables.
At 0.67 eV (figure 5.3(a)), the present measured DCS can be compared with the 
experimental results of Weyhreter et al. (1988) and curves generated from both 
relativistic and non-relativistic phaseshift analysis of this data (section 5.5). Given 
the low incident energy and the substantial uncertainties in the present DCS, the 
level of agreement between the two experimental cross sections, both in shape and 
absolute magnitude, is quite good. The two phaseshift analysis curves are shown
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Angle Energy (eV)
(deg) 0.67 0.75 0.85 1.0 1.75
15 - - - 1.21 (70) 0.712 (7)
20 - - 0.876 (77) 0.482 (27) 0.375 (7)
25 1.11 (49) 0.405 (20) 0.398 (21) 0.289 (24) 0.168 (9)
27.5 - - - - 0.108 (7)
30 0.456 (19) 0.290 (17) 0.234 (12) 0.128 (14) 0.0847 (7)
32.5 - - - 0.0745 (15) 0.086 (7)
35 - 0.154 (10) 0.0998 (8) 0.0406 (18) 0.106 (9)
37.5 - - 0.0710 0.0168 (28) -
40 0.114 (28) 0.0762 (12) 0.0404 (15) 0.0102 (23) 0.200 (7)
42.5 - - 0.0217 (18) 0.00598 (46) -
45 - 0.0282 (32) 0.0124 (44) 0.0126 (25) 0.338 (7)
47.5 - 0.0202 (34) 0.00825 (49) - -
50 0.0485 (40) 0.00498 (141) 0.0102 (37) 0.0359 (11) 0.502 (7)
55 - 0.0125 (65) 0.0185 (22) 0.0772 (10) 0.657 (7)
57.5 - 0.0177 (58) - - -
60 0.0261 (51) 0.0225 (40) 0.0474 (8) 0.125 (8) 0.814 (7)
65 - - 0.0771 (8) 0.175 (9) 0.935 (7)
70 - 0.0497 (13) 0.102 (7) 0.208 (9) 1.009 (7)
75 - - 0.126 (7) 0.238 (9) 1.041 (7)
80 0.0451 (37) 0.0774 (16) 0.139 (7) 0.254 (8) 1.027 (7)
85 - - 0.142 (7) 0.255 (9) 0.967 (7)
90 0.0407 (48) 0.0870 (13) 0.143 (7) 0.254 (8) 0.868 (7)
95 - - 0.130 (9) 0.234 (9) 0.735 (7)
100 0.0500 (43) 0.0751 (11) 0.111 (8) 0.197 (13) 0.603 (7)
105 - - 0.0965 (7) 0.159 (10) 0.451 (7)
110 0.0393 (63) 0.0511 (17) 0.0759 (8) 0.124 (10) 0.318 (7)
115 - - 0.0544 (10) 0.0723 (14) 0.194 (7)
120 0.0325 (96) 0.0218 (32) 0.0359 (25) 0.0515 (26) 0.0985 (7)
122.5 - - - - 0.0660 (7)
125 - - 0.0196 (18) 0.0270 (29) 0.0404 (8)
127.5 - - 0.0180 (31) - 0.0254 (10)
130 - 0.0172 (100) 0.0105 (85) 0.0177 (41) 0.0206 (13)
132.5 - - 0.00907 (73) - 0.0244 (15)
135 - - - - 0.0307 (11)
Q el 1.45 1.33 1.42 1.96 6.60
Q m t 0.41 0.51 0.76 1.41 5.67
Table 5.2: Absolute differential cross sections (A2sr_1) for elastic electron 
scattering from xenon at energies from 0.67 to 1.75 eV. Figures in parentheses 
indicate the absolute uncertainty expressed as a percentage. Integral cross 
sections, Qei and Qmt (Ä2) with estimated uncertainty of ±20% are presented 
at the foot of each column.
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Figure 5.4: Absolute DCS for elastic scattering from xenon at 0.75 eV. 
(a) comparison of experimental data: • Present results, o Weyhreter et al.,
------present phaseshift analysis, (b) comparison of present experiment with
theory: • Present results,------present theory, —  McEachran and Stauffer
(1987) at 0.8 eV ,-------- McEachran and Stauffer (1984).
to demonstrate some pitfalls in the application of this technique. A small number 
of experimental points with large uncertainties can lead to an analysis which does 
not represent the shape of the experimental DCS particularly well. In this case the 
non-relativistic phaseshift analysis was used to calculate the integral and momen­
tum transfer cross sections.
At this energy there are a sequence of theoretical results from McEachran and Stauf­
fer (1984, 1987 and the present theory). The two relativistic calculations are clearly 
in better agreement with experiment with regard to the shape of the DCS, how­
ever, both lie below the experimental data at larger scattering angles by between 
50-100%. The 1987 calculation was made at 0.7 eV, thus the apparently better 
agreement with the present results may be due to the energy difference.
At 0.75 eV (figure 5.4), the present data can again be compared with the experi­
mental results of Weyhreter et al. Also shown is the relativistic phaseshift analysis 
which, at this energy, with less uncertainty in the experimental results, provides a
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Figure 5.5: Absolute DCS for elastic scattering from xenon at 0.85 eV. (a) 
comparison of experimental data: • Present results, o Weyhreter et al. (1988),
------ present phaseshift analysis, (b) comparison of present experiment with
theory: • Present results,------ present theory, —  McEachran and Stauffer
(1987) at 0.9 e V ,---------McEachran and Stauffer (1984).
good fit to the present data. The level of agreement between the two experimental 
cross sections, both in shape and absolute magnitude, is again good. The same 
remarks about the theoretical results at 0.67 eV apply at this energy. In this case 
the 1987 calculation is at 0.8 eV.
Present measurements for an incident energy of 0.85 eV are again compared with 
the data of Weyhreter et al. in figure 5.5. Agreement is quite good although the 
present DCS is slightly larger (20-30%) in magnitude in the mid-angle region. The 
experimental data is once again in good agreement with the relativistic calculations 
at forward scattering angles but the experiment is about 50% larger at scattering 
angles of 90° and above.
At an energy of 1.0 eV (figure 5.6) we can compare the present experimental data 
with the measurements of Weyhreter et al. and with the lowest energy measurement 
of Register et al. (1986). In general, the level of agreement is very good although 
the present measurements indicate a deeper first minimum at a slightly smaller
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Figure 5.6: Absolute DCS for elastic scattering from xenon at 1.0 eV. (a) com­
parison of experimental data: • Present results, o Weyhreter et al., □ Register 
et al., ------ present phaseshift analysis, (b) comparison of present experi­
ment with theory: • Present results,------present theory,--------Yuan (1995),
------Johnson and G uet,-------Sin Fai Lam.
scattering angle than in both of the other DCS. Otherwise the three cross sections 
generally agree to within the combined uncertainties at most angles. For the sake 
of clarity at this, and all subsequent energies, only a few of the calculated cross sec­
tions which demonstrate the best agreement with experiment are shown and, unless 
the older calculation in a sequence gives demonstrably better agreement with the 
present data than a more recent calculation, the more recent calculation will be 
presented. At 1.0 eV the results of McEachran and Stauffer (1984) and Reid and 
Wadehra (1994) are significantly higher than the present data between about 40 
and 100° while the magnitude of the calculation of Sienkiewicz and Baylis (1989) is 
smaller in the same region, thus these results are not shown. Neither is the result of 
McEachran and Stauffer (1987) which is marginally smaller in magnitude than the 
present theory between about 40 and 80° nor that of Yuan and Zhang (1991) which 
is slightly higher around those angles that that of Yuan (1995). The calculations of 
Sin Fai Lam (1982) and Yuan (1995) show the best agreement with the present data 
at this energy. Both Yuan and Sin Fai Lam predict a first minimum at a slightly 
higher angle than the present data while the Sin Fai Lam theory predicts a higher
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Figure 5.7: Absolute DCS for elastic scattering from xenon at 1.75 eV. (a) 
comparison of experimental data: • Present results, o Weyhreter et al., □  Reg­
ister et al., ------ present phaseshift analysis, (b) comparison of present ex­
periment with theory: • Present results, ------ present theory, - - - Yuan and
Zhang, —  McEachran and Stauffer (1987) at 1.8 eV.
magnitude than the present data between 60 and 90°. Both the present theory 
and Johnson and Guet (1994) show the same general shape as the experiments and 
display good agreement in terms of the absolute magnitude of the main features 
of the cross section, however there are differences in the position of the first min­
imum between both calculations and the present experiment. The present theory 
is smaller in absolute magnitude than the experiment from about 45° and Johnson 
and Guet also predict the position of the mid-angle cross section maximum at an 
angle which is about 15° smaller than that observed in the experiment.
In figure 5.7 comparison of the present DCS with that of Weyhreter et al. and 
Register et al. is made at an energy of 1.75 eV and, once again, the agreement is ex­
tremely good, although the position of the observed minima differ slightly in angle. 
At this energy, the present theory has the best agreement with the magnitude of 
the present data. However, the first minimum is predicted at a larger angle and the 
second at a smaller angle than the present data. The calculations of McEachran and 
Stauffer (1987), at 1.8 eV and Yuan and Zhang are larger in magnitude than the
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Figure 5.8: Absolute DCS for elastic scattering from xenon at 2.0 eV. (a) com­
parison of experimental data: • Present results, o Weyhreter et al., x Klewer 
et al., ------  present phaseshift analysis, (b) comparison of present experi­
ment with theory: • Present results,--------present theory,------ Yuan (1995),
------ Johnson and G uet,----- Sienkiewicz and Baylis.
present data at mid-angles, 60-100°, however the calculation of Yuan and Zhang 
has the best agreement with the present data with regard to the position of the 
cross section minima.
At 2 eV the present results can be compared with those of Weyhreter et al. and 
Klewer et al. (1980) (figure 5.8). Agreement with Weyhreter et al. is again good, 
however there is only incidental agreement with the Klewer et al. data. Their 
angular distributions were a by-product of investigating the spin-polarisation of 
electrons elastically scattered from xenon and their results have been normalised to 
the present data at 90°.
At this energy the theoretical calculation of Johnson and Guet provides the best 
agreement with the present data. The calculation of Yuan (1995) again shows good 
agreement with the position of all the angular features of the cross section, but is 
higher in magnitude in the mid-angles, as is the present theory. Both the present 
theory and the calculation of Sienkiewicz and Baylis show the second minimum at a
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Angle Energy (eV)
(deg) 2.0 2.75 3.75 5.0 7.9 10.0
15 - 1.874 (8) 4.296 (9) 10.358 (8) 23.26 (8) 21.068 (7)
20 0.490 (8) 1.295 (7) 3.132 (7) 8.161 (7) 15.063 (7) 17.197 (7)
25 0.245 (7) 0.864 (7) 2.400 (8) 6.232 (7) 13.316 (7) 13.406 (7)
27.5 0.198 (7) - - - - -
30 0.149 (7) 0.612 (7) 1.803 (9) 4.796 (7) 9.182 (7) 10.139 (7)
32.5 0.148 (7) 0.574 (7) - - - -
35 0.170 (8) 0.565 (7) 1.497 (7) 3.709 (7) 7.481 (7) 7.874 (7)
37.5 - 0.595 (7) 1.392 (7) - - -
40 0.277 (7) 0.658 (7) 1.410 (7) 2.993 (7) 5.273 (7) 5.719 (8)
42.5 - - 1.406 (7) - - -
45 0.425 (7) 0.845 (7) 1.477 (7) 2.557 (7) 4.010 (7) 3.872 (8)
50 0.622 (7) 1.086 (7) 1.677 (7) 2.342 (7) 2.990 (8) 2.769 (8)
52.5 - - 2.272 (7) - -
55 0.815 (7) 1.366 (7) 1.886 (7) 2.316 (7) 2.222 (7) 2.063 (7)
57.5 - - 2.323 (7) - -
60 0.991 (7) 1.643 (7) 2.253 (8) 2.391 (7) 1.789 (7) 1.449 (7)
65 1.142 (7) 1.867 (7) 2.426 (7) 2.531 (7) 1.523 (7) 1.127 (8)
70 1.221 (7) 1.967 (7) 2.583 (7) 2.648 (7) 1.389 (7) 0.920 (7)
75 1.278 (7) 2.044 (7) 2.626 (7) 2.671 (7) 1.341 (7) 0.787 (7)
80 1.257 (7) 1.998 (7) 2.510 (7) 2.608 (7) 1.298 (7) 0.711 (7)
85 1.200 (7) 1.891 (7) 2.319 (7) 2.439 (7) 1.235 (7) 0.672 (8)
90 1.057 (7) 1.640 (7) 2.045 (7) 2.131 (7) 1.143 (7) 0.605 (7)
95 0.925 (7) 1.368 (7) 1.659 (7) 1.721 (7) 0.957 (7) 0.549 (7)
100 0.731 (7) 1.098 (7) 1.258 (7) 1.283 (7) 0.830 (7) 0.502 (7)
105 0.562 (7) 0.781 (7) 0.859 (7) 0.835 (7) 0.584 (7) 0.450 (9)
110 0.384 (7) 0.506 (7) 0.467 (10) 0.441 (7) 0.456 (7) 0.418 (8)
115 0.238 (7) 0.261 (7) 0.196 (10) 0.142 (7) 0.280 (7) 0.413 (8)
117.5 - - - 0.0621 (8) - -
120 0.117 (7) 0.112 (8) 0.0497 (14) 0.0239 (7) 0.278 (7) 0.435 (7)
122.5 0.0801 (8) 0.0631 (7) 0.0347 (12) 0.0347 (7) - -
125 0.0479 (8) 0.0426 (8) 0.0570 (15) 0.0999 (7) 0.369 (7) 0.525 (8)
127.5 0.0318 (8) 0.0467 (10) - - - -
130 0.0275 (12) 0.0732 (9) 0.226 (12) 0.385 (7) 0.593 (7) 0.655 (7)
132.5 0.0325 (12) - - - - -
135 0.0471 (10) - - - - -
Qel 8.52 15.3 23.1 32.3 37.9 35.7
Qmt 7.76 14.3 21.2 27.5 24.3 19.6
Table 5.3: Absolute differential cross sections (Ä2sr_1) for elastic electron 
scattering from xenon at energies from 2.0 to 10.0 eV. Figures in parentheses 
indicate the absolute uncertainty expressed as a percentage. Integral cross 
sections, Qei and Qmt (Ä2) with estimated uncertainty of ±20% are presented 
at the foot of each column.
93
' t - l
c_o
’■*—I
<Don
C /5
C /50
U
c<u1 s
30 60 90 120 150 180
Scattering Angle (degrees)
30 60 90 120 150 180
Scattering Angle (degrees)
Figure 5.9: Absolute DCS for elastic scattering from xenon at 2.75 eV. 
(a) comparison of experimental data: • Present results, □ Register et al.,
------present phaseshift analysis, (b) comparison of present experiment with
theory: • Present results,------present theory, - --Yuan and Zhang,-----Sien-
kiewicz and Baylis at 3 eV.
lower angle than the present data. The calculation of Sienkiewicz and Baylis (1989) 
is in good agreement with the present data with regard to the magnitude of the 
cross section.
At 2.75 eV (fig 5.9) there are relatively minor discrepancies between the present 
experiment and that of Register et al. The present experimental DCS is about 25% 
smaller in the region of the first minimum and this minimum occurs at a slightly 
lower scattering angle in the present DCS than in that of Register et al. Otherwise 
the two cross sections are in excellent agreement. Also shown is the result of the 
phaseshift analysis fit, with 6 variable parameters, to the experimental DCS at this 
energy.
The best overall agreement with a theoretical calculation at this energy is with that 
of Sienkiewicz and Baylis, however that of Yuan and Zhang is again in best agree­
ment with the position of the angular features of the present data. Both Yuan and 
Zhang and the present theory overestimate the magnitude of the cross section in
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Figure 5.10: Absolute DCS for elastic scattering from xenon at 3.75 eV. 
(a) comparison of experimental data: • Present results, □  Register et al.,
------ present phaseshift analysis, (b) comparison of present experiment with
theory: • Present results, ------ present theory,-------- Yuan (1995) at 4 eV,
------ Johnson and Guet at 4 e V ,----- Sienkiewicz and Baylis at 4 eV.
the mid-angles. All the calculations appear to be in better agreement with the DCS 
of Register et al. with regard to the depth of the first minimum in the cross section.
At 3.75 eV (figure 5.10) the discrepancy between the present data and that of Reg­
ister et al. at forward scattering angles persists, although at angles larger than 50° 
the level of agreement is excellent. The calculations of both Johnson and Guet and 
Sienkiewicz and Baylis are in better agreement with the Register et al. cross section 
at forward angles, while the present theory and Yuan (1995) are higher than both 
experimental results in magnitude and predict the mid-angle maximum at slightly 
larger angles than the other theoretical calculations. All are in good agreement 
with experiment at large scattering angles. Note however, that all the calculations 
except the present were made at 4 eV.
At an energy of 5 eV (figure 5.11), the present experiment is in excellent agree­
ment with those of Register et al. and Nishimura et al. (1987) across the entire 
angular range, although the differential cross section of Nishimura et al. shows the
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Figure 5.11: Absolute DCS for elastic scattering from xenon at 5.0 eV. (a) 
comparison of experimental data: • Present results, o Nishimura et al., □ Reg­
ister et al., Klewer et a l.,------present phaseshift analysis, (b) comparison
of present experiment with theory: • Present results,------Johnson and Guet,
-------- Gianturco and Rodriguez-Ruiz, — Yuan and Zhang,------ Sienkiewicz
and Baylis, --- Haberland et al.
second minimum some two degrees forward relative to the present data. There are, 
however, large differences between these three measurements and those of Klewer 
et al. The calculations of Gianturco and Rodriguez-Ruiz (1994) and Haberland 
et al. (1986) are both in better agreement with the results of Nishimura et al. with 
regard to the position of the second minimum, although both slightly underestimate 
the magnitude of the first minimum. The agreement with the present theory and 
the calculations of Johnson and Guet and Sienkiewicz and Baylis is generally good, 
although all slightly underestimate the magnitude of the first minimum in the DCS.
The final measurement of the elastic DCS at an energy below the first inelastic 
threshold is shown in figure 5.12 at an energy of 7.9 eV. This energy corresponds 
to that of the Xe_ resonance, (5p5 2P3/2 )6 s2 (XS) (Brunt et al. 1976, Sanche and 
Schulz 1972). The present DCS is once again in good agreement with that of 
Nishimura et al. and for the first time is in reasonable agreement with the relative 
data of Klewer et al., which is normalised to the present data at 90°. There is very
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Figure 5.12: Absolute DCS for elastic scattering from xenon at 7.9 eV. (a) 
comparison of experimental data: • Present results, o Nishimura et al. at
8.0 eV, x Klewer et al. at 8.0 eV, ------  present phaseshift analysis, (b)
comparison of present experiment with theory: • Present results,------ present
theory,-------Yuan (1995) at 7.5 e V , --------Johnson and Guet at 8.0 eV,
---- Sienkiewicz and Baylis at 7.5 eV.
good agreement with the DCS of Johnson and Guet. The present theory is also 
in excellent agreement with regard to shape, but underestimates the magnitude in 
the region of the second minimum. The DCS of Sienkiewicz and Baylis and Yuan 
(1995) both overestimate the magnitude of the cross section in the region of the 
second minimum. This is not merely a lack of angular resolution in the experiment 
since the angular width of the theoretical minima as a whole appears to be larger 
than that for the experimental results. The DCS of Sienkiewicz and Baylis also fails 
to reproduce the first minimum (or shoulder) of the experimental differential cross 
section. Note that the DCS of Nishimura et al. and Johnson and Guet are for an 
energy of 8.0 eV while those of Yuan (1995) and Sienkiewicz and Baylis are at 7.5 eV.
Above the first inelastic threshold, at 10 eV (figure 5.13) there remains good agree­
ment between the two most recent experimental cross sections (Nishimura et al. and 
Register et al. (at 9.75 eV)) and the present data. Again there is reasonable agree­
ment with the older data of Klewer et al. (normalised to the present data at 90°).
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Figure 5.13: Absolute DCS for elastic scattering from xenon at 10.0 eV. 
(a) comparison of experimental data: • Present results, o Nishimura et al., 
□  Register et al., x Klewer et al. (b) comparison of present experiment
with theory: • Present results,------ present theory,------- Johnson and Guet,
--------- Gianturco and Rodriguez-Ruiz, —  Yuan and Zhang, --- Haberland
et a l . ,------ Sin Fai Lam.
The best agreement with the theoretical calculations is with those of Johnson and 
Guet and Yuan and Zhang. Interestingly the more recent calculation of Yuan (1995) 
overestimates both the slight shoulder in the cross section and the magnitude of the 
minimum. The present theory and that of Sin Fai Lam show more structure in 
the region of the shoulder and underestimate the magnitude of the minimum, while 
those of Gianturco and Rodriguez-Ruiz and Haberland et al. both fail to reproduce 
the shoulder and overestimate the magnitude of the minimum.
At higher energies, 20 eV (figure 5.14), 25 eV (figure 5.15), 40 eV (figure 5.16) and 
50 eV (figure 5.17) there is, in general, excellent agreement between the experi­
mental results. The small angle measurements of Wagenaar et al. (1986), using a 
parallel-plate energy analyser with position sensitive microchannel plate detection, 
provide a useful extension of experimental results to those forward angles which 
are extremely difficult to measure with a conventional crossed-beam apparatus. At 
20 eV the differential cross section of Williams et al. (1975b) is significantly lower
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Angle Energy (eV) Angle Energy (eV)
(deg) 20 (deg) 25 40 50
- - 10 38.26 (12) 14.03 (9) 11.72 (12)
14 31.09 (8) 15 23.51 (14) 7.57 (8) 4.77 (7)
19 20.88 (8) 20 13.69 (15) 3.67 (7) 1.94 (7)
24 14.60 (7) 25 9.42 (9) 1.83 (7) 0.699 (7)
29 8.77 (8) 30 5.01 (11) 0.869 (8) 0.238 (8)
34 4.98 (7) 35 2.54 (8) 0.405 (7) 0.085 (8)
39 2.26 (7) 40 0.948 (12) 0.172 (7) 0.030 (8)
44 0.879 (7) 45 0.223 (14) 0.066 (7) 0.0088 (8)
- - 47.5 0.079 (13) 0.045 (8) 0.0037 (11)
49 0.242 (8) 50 0.074 (10) 0.040 (8) 0.0020 (23)
51.5 0.154 (8) 52.5 0.152 (10) 0.046 (8) 0.0032 (17)
54 0.149 (8) 55 0.258 (8) 0.058 (7) 0.0074 (9)
56.5 0.226 (7) 57.5 - - 0.013 (9)
59 0.316 (8) 60 0.532 (8) 0.092 (8) 0.020 (9)
64 0.525 (7) 65 0.745 (7) 0.120 (8) 0.034 (7)
69 0.691 (8) 70 0.848 (8) 0.127 (7) 0.043 (8)
74 0.720 (8) 75 0.784 (8) 0.119 (8) 0.039 (7)
79 0.631 (7) 80 0.583 (8) 0.099 (8) 0.032 (8)
- - 82.5 - 0.090 (7) -
84 0.455 (8) 85 0.362 (8) 0.085 (8) 0.029 (9)
- - 87.5 - 0.090 (8) 0.036 (12)
89 0.278 (8) 90 0.173 (8) 0.097 (8) 0.048 (8)
- - 92.5 0.088 (9) - 0.066 (7)
94 0.143 (9) 95 0.065 (8) 0.146 (8) 0.095 (7)
96.5 0.093 (9) 97.5 0.045 (11) - 0.131 (7)
99 0.067 (10) 100 0.056 (8) 0.223 (8) 0.173 (9)
101.5 0.059 (9) 102.5 0.066 (8) - -
104 0.063 (8) 105 0.120 (9) 0.299 (9) 0.269 (9)
106.5 0.081 (9) - - - -
109 0.113 (8) 110 0.210 (7) 0.400 (9) 0.377 (9)
114 0.193 (8) 115 0.273 (7) 0.458 (10) 0.449 (10)
119 0.257 (10) 120 0.277 (7) 0.457 (10) 0.464 (11)
124 0.261 (8) 125 0.209 (9) 0.391 (10) 0.423 (10)
129 0.226 (8) 130 0.100 (10) 0.278 (9) 0.311 (10)
Q e l 26.9 20.9 7.4 5.5
Q m t 6.2 5.6 3.7 2.5
Table 5.4: Absolute differential cross sections (A2sr_1) for elastic electron 
scattering from xenon at energies from 20.0 to 50.0 eV. Figures in parentheses 
indicate the absolute uncertainty expressed as a percentage. Integral cross 
sections, Qei and Qmt (Ä2) with estimated uncertainty of ±20% are presented 
at the foot of each column.
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Figure 5.14: Absolute DCS for elastic scattering from xenon at 20.0 eV. 
(a) comparison of experimental data: • Present results, o Nishimura et al., 
□ Register et al. at 19.75 eV, A Wagenaar et al., ▼ Williams et al. (1975b) (b)
comparison of present experiment with theory: • Present results,------ present
theory,----Sienkiewicz and Baylis,-----------McEachran and Stauffer (1984),
------ Sin Fai Lam.
than other experimental determinations from about 50°, the position of the first 
minimum in the DCS. Their relative DCS was normalised to the sum of a total and 
an ionisation cross section. When renormalised to the present data at 90°, however, 
agreement with this and other experiments is excellent. The four theoretical calcu­
lations shown in figure 5.14(b) all agree well with the shape of the experimentally 
determined cross sections but are consistently higher than the measured cross sec­
tions, particularly at angles above 60°. The same may be said of the calculations 
at 40 and 50 eV. However at 25 eV the present theory and the calculation of Sin 
Fai Lam are in quite good agreement with the experimental DCS. Also at 25 eV, 
the experimental cross section of Klewer et al. agrees well with other experiments, 
seemingly only shifted by a small angular discrepancy. At 50 eV, however, their 
data again disagrees with other experimental results. At 40 eV another experimen­
tal cross section is available for comparison, that of Ester and Kessler (1994), which 
also agrees well with the present and previous experiments.
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Figure 5.15: Absolute DCS for elastic scattering from xenon at 25.0 eV. 
(a) comparison of experimental data: • Present results, o Nishimura et al., 
A Wagenaar et al., x Klewer et al. (b) comparison of present experiment with
theory: • Present results, ------ present theory,----- Sienkiewicz and Baylis,
--------- McEachran and Stauffer (1984),---------Sin Fai Lam.
5.4 Discussion
In general the level of agreement with previous experiments is good. At very low 
energies, < 1 eV, comparison with the experiment of Weyhreter et al. indicates that 
the present data is generally higher in magnitude and the scattering minima are 
offset by as much as 5°. However given the large errors associated with very low 
energy electron scattering, the agreement is reasonable. From 1 to 2 eV there is 
excellent agreement with the Weyhreter et al. data with regard to both shape and 
magnitude, although there is a slight angular offset at 2 eV.
At 1 eV and above the present data may also be compared with the data of Register 
et al. Overall there is excellent agreement with this work at most energies, with the 
exception of energies between 1 and 5 eV where their data tends to find a shallower 
first minimum than the present data. This is unlikely to be a simple angular res­
olution difference since the deeper second minimum is found to agree well at most 
energies. The data of Nishimura et al., available for comparison from 5 eV, also
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Figure 5.16: Absolute DCS for elastic scattering from xenon at 40.0 eV. (a) 
comparison of experimental data: • Present results, T Ester and Kessler 
(1904), o Nishimura et al., A  Wagenaar et al. (b) comparison of present ex­
periment with theory: • Present results,------ present theory, —  McEachran
and Stauffer (1987).
agrees well, except for a persistent angular offset. There is little agreement with 
the data of Klewer et al. except at 25 eV, which appears fortuitous. Their relative 
differential cross section data however, are a by-product of their spin-polarisation 
experiments (Klewer et al. 1979) and they had few previous differential scattering 
experiments with which to compare. They also note that their energy resolution 
at 2 eV is 1 eV, however it is unlikely that this is the explanation for the large 
differences in the shape of their angular distributions at low energies.
At 20 eV and above, comparison with the small angle measurements of Wagenaar 
et al. where the measurements overlap, e.g. at 25 eV, indicates the agreement is 
excellent, as it is with all other available measurements, including those of Williams 
et al. (1975b) after renormalisation. In summary, it appears that agreement be­
tween experiments is very good, except for persistent angular mismatches below 
about 10 eV. It can be extremely difficult to determine the position of 0° at low 
energies due to the spatial spread of the primary beam, and the detailed structure 
of the Xe differential cross section at low energies imposes stringent requirements
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Figure 5.17: Absolute DCS for elastic scattering from xenon at 50.0 eV. 
(a) comparison of experimental data: • Present results, o Nishimura et al., 
□ Register et al., x Klewer et al. (b) comparison of present experiment with
theory: • Present results, ------ present theory, —  McEachran and Stauffer
(1987),--------- McEachran and Stauffer (1984).
on the angular resolution. The combination of these factors may explain some of 
these discrepancies.
The level of agreement with theory is very encouraging. In the case of the present 
relativistic calculation this agreement is best at energies below 8 eV. At energies 
above this the calculation provides an excellent description of the shape of the DCS 
but there are some differences in the absolute magnitude. These may be due, in 
part, to the fact that the calculation does not account for the loss of flux from the 
elastic channel as a result of inelastic scattering (absorption effects). In general 
this calculation has a tendency to overestimate the position of the first minimum 
while underestimating the position of the second. At higher energies, > 20 eV, 
the calculation persistently overestimates the magnitude of the DCS but is in good 
agreement with the data with regard to the position of the minimum. In all cases 
where comparison at the same energy is possible the most recent calculation in the 
sequence, that including dynamic distortion, is in better agreement with the exper­
imental differential cross section than the earlier, “simple” relativistic calculation
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(McEachran and Stauffer 1987). There is also a good level of agreement with the 
recent relativistic, many-body perturbation theory calculation of Johnson and Guet 
at energies from 1 to 10 eV, and the continuum Dirac-Fock equations of Sienkiewicz 
and Baylis, which generally give good agreement with the positions of the turning 
points of the experimental data.
Very good agreement at low energies in achieved by the semi-relativistic method of 
Sin Fai Lam (1982). The method uses Dirac-Fock wavefunctions and is also in good 
agreement with regard to the position of minima. Yuan (1995) extended an earlier 
calculation by Yuan and Zhang (1991) to give better agreement at low energies, but 
tends to predict the first minimum at angles about 5° larger than the experimental 
data. However, at 10 eV it overestimates both the slight shoulder feature and the 
depth of the minimum, leaving the 1991 calculation in better agreement with the 
data.
The calculations of Gianturco and Rodriguez-Ruiz and Haberland et al. both agree 
with the magnitude of the data at 5 eV, however both predict the deep second min­
imum at an angle forward of the present data and as a consequence underestimate 
the differential cross section at mid-angles. At 10 eV both fail to reproduce the 
slight shoulder and show a very deep minimum. Although prima facie having little 
in common both these approaches appear to include correlation within treatments 
of the scattering as an N  + 1 atomic structure system, Gianturco and Rodriguez- 
Ruiz by use of density-functional theory and Haberland et al. via Kohn-Sham-type 
one-particle theory, and both show very similar cross section features.
The Reid and Wadehra (1994) non-relativistic model potential approach for both 
e+ and e~ scattering persistently predicts higher magnitudes for the differential 
cross section in much the same way as the early, non-relativistic calculations of 
McEachran and Stauffer (1984). It is abundantly clear that fully relativistic treat­
ments of electron scattering from xenon must be made for theory to adequately 
represent the experimental differential cross section.
5.5 Relativistic phaseshift analysis
The essential aspects of the phaseshift analysis technique which was applied to the 
measured xenon differential cross section are the same as applied to argon (sec­
tion 4.4). In the case of xenon, however, the efficacy of using a quasi-relativistic 
phaseshift analysis was investigated. As mentioned in the introduction to this chap­
ter, the present relativistic scattering calculations indicated that the two compo­
nents of the p-wave phaseshift (pi/2,3/2 ) are both very small and significantly differ­
ent (about a factor of 2) in magnitude in the R-T minimum region and up to a few 
eV, whilst the two d-wave components (d3/2,5/2 ) only differ by a few percent. Thus 
in the phaseshift analysis relativistic effects were only accounted for in the p-wave,
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and measured elastic DCS at energies between 0.67 eV and the first excited state 
threshold were analysed. The aim was to investigate whether this quasi-relativistic 
analysis would be sensitive to the small differences in the p-wave components in this 
region where all the other phaseshifts were also small.
Once the phaseshifts have been determined the elastic differential cross section can 
be found from the expression:
*W  = l /M I2 +  ltf(»)l2 (5-1)
where
1 00
m  =  T { ( I  +  1 ) V ( k )  +  lTt~(k)}  P,( cosS) (5.2)
K 1=0
and
1
3(6) =  t  E  { r f ( * )  ~ Ti+(k ) }  P fcos9)  (5.3)
^  1=0
are the direct and spin-flip scattering amplitudes respectively. The T-matrix ele­
ments, T ^ k ) ,  are given in terms of the spin-up (?7Z+) and spin-down (rjf) phaseshifts 
by
(*0 =  exp(i77f(fc)) s in fa f (*)) (5.4)
and P/(cos0) and P^cosO) are the Legendre and associated Legendre polynomi­
als. Total elastic and momentum transfer cross sections are expressed in terms of 
relativistic phaseshifts as:
4tt ^
Q t  t(fc2) =  - j j ^ 2 { ( l +  1) sin2(v f (k ) )  +  l sin2)??, (Ar))} (5.5)
q^ )  = % £{ (l+^ 2) W) -
1=0 ^
+  sin2(f?,“ (fc) -  5^'6^
+  (2J +  1K2/ +  3) Sin2(vr(k) ~  " r+l(fc))}
There are a number of different ways to parametrise the T-matrix elements. Ra­
tional function forms, suitable for scattering problems involving a large number 
of partial waves (Allen 1986), have been used for argon (section 4.4) and were 
also used here. Only the first few partial waves are important, so the phaseshifts
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are parametrised up to lmax, where lmax varies between 2 and 4 depending on the 
incident energy, and the higher-order phaseshifts are calculated in the Born approx­
imation, based on the assumption of an adiabatic —a/2r4 tail to the interaction 
potential:
tan??i±Ri(2/ + 3 ) (2 7 + l) (2 / - l )  (5'7)
where a is the dipole polarisability (26.97 öq, Miller and Bederson 1977). Higher 
order phaseshifts can be calculated in another approximation, that of Ali and Fraser 
(1977) which is regarded as more accurate than the Born approximation. However, 
use of this approximation rather than equation 5.7 was found to make no difference 
in this study.
At energies below 5 eV, the present scattering calculations and those of Johnson 
and Guet (1994) indicate that the splitting of the two relativistic components of 
the phaseshifts are only significant for the p-wave. As a result, rjf and rj/~ are taken 
to be equal in all cases except for the p-wave. Thus, the fitting process involves 
the use of between 4 and 6 adjustable parameters which are then determined by 
minimising the function
2 _  I*7 * ~  a ( ^ ) ] 2Xl" ir
where <7* is the measured value of the DCS at the angle 0,-, with a statistical uncer­
tainty AGi and <7(0*) is the fitted value of the cross section at the angle 0*, while M  
is the number of data points. The low-order scattering phaseshifts in equations 5.2 
and 5.3 are treated as free parameters in calculating the differential cross section 
from equation 5.1.
5.5.1 Extraction of the Sherman function
Theoretical calculations indicate that the spin-orbit splitting in the higher order 
(l >1) phaseshifts is negligible at energies below about 5 eV (see for example ta­
ble 5.5). This leads to speculation that the fitting process may enable the deter­
mination of reasonably accurate Sherman functions (SF) for low energy scattering, 
through determination of the two components of the p-wave phaseshift. In terms 
of the scattering amplitudes, the Sherman function S  is given by
- /•(%(») 
i/w i2 + m \2
A twofold ambiguity to the solution exists in this fitting model. The differential 
cross sections are invariant to the transformation
f7± -  arctan (/ +  *) silW )  +  / sin(2Tyf-)  _  ±
1 (l + 1) cos(2t77) -I-1 cos(2r]J~) 1
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Figure 5.18: Differential cross sections derived from a relativistic phaseshift 
analysis of a series of trial elastic differential cross sections “manufactured” 
from theoretical calculations at energies of (a) 1.0 eV and (b) 5.0 eV. • cross
section “manufactured” from theoretical calculations, ------DCS calculated
from the phaseshifts arising from the relativistic phaseshift analysis of the 
trial DCS.
on the p-wave phaseshifts (i.e. /=1) This can be readily seen by noting that, under 
this transformation, f i ( 0 )  and |gi | (and so |g|) are unchanged. If 77* are both small, 
equation 5.10 becomes
4?7+ + 2r] 
3
(5.11)
Further, if (77+ — 77” )/3 is small compared with 77^ , which is true for E < 5 eV, then 
77* «  77 ^  and the Sherman function for the two solutions will have opposite sign. 
Thus it is not difficult to use theory or experiment to choose the physical solution 
and, as the Sherman function changes smoothly with energy, the correct solution 
can be determined from a measurement at a nearby energy, allowing this technique 
to be used in energy regions where there are presently no experimental Sherman 
function data for xenon.
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Energy (eV) Partial Wave Theory Fit
0.75 Sl/2 0.03225 0.03305
Pl/2 0.04894 0.04737
P 3 /2 0.02295 0.02149
d 3 / 2 0.05439 0.5521
dö/2 0.05510 -
fö/2 0.01481 0.01392
^7/2 0.01482 -
1.0 Sl/2 -0.05132 -0.03954
Pl/2 0.03000 0.03849
P 3 /2 -0.00403 0.00167
dß/2 0.07945 0.08541
d 5 / 2 0.08084 -
h / 2 0.00894 0.01022
h / 2 0.00894 -
2.0 Sl/2 -0.3262 -0.3192
Pl/2 -0.08152 -0.06018
P 3 /2 -0.1388 -0.13283
dß/2 0.2302 0.248
dö/2 0.2367 -
h / 2 0.0404 0.0431
h / 2 0.0405 -
Table 5.5: Comparison of phaseshifts derived from a fit to a “manufactured” 
theoretical differential cross section with the actual phaseshifts which were 
used to calculate the differential cross section at energies of 0.75, 1.0 and 2.0 
eV.
5.5.2 Testing the analysis
The technique was initially tested by fitting DCS calculated from the present theo­
retical phaseshifts and given a random 3% smearing in an attempt to mimic typical 
experimental measurements which have statistical uncertainties. The DCS were 
also restricted to data at 5° intervals and the range of scattering angles used was 
between 15 and 130°. The fits that were obtained were extremely good, as measured 
by the reduced y2, and the phaseshifts extracted from the fits were in good agree­
ment with the original theoretical values. In particular, the two p-wave components 
agreed very well with the theoretical values at energies up to about 3 eV.
A comparison of the test data and the DCS obtained from the fit, for energies of 
1.0 and 5.0 eV are shown in figure 5.18 and the real and fitted phaseshifts from this 
process are given in table 5.5 for three energies in the present range of interest. The 
fitting process clearly gives a good visual reproduction of the test cross section at 
both energies (the \ 2 Per degree of freedom in each case was less than 1) and it pro-
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Figure 5.19: Sherman functions derived from a relativistic phaseshift analy­
sis of a series of trial elastic differential cross sections “manufactured” from 
theoretical calculations at energies of (a) 0.75 eV, (b) 2.75 eV and (c) 5.0
e V .------- SF calculated from the phaseshifts arising from the relativistic
phaseshift analysis of the trial DCS, ------ SF calculated directly from the
theoretical phaseshifts used to create the manufactured DCS using the full 
set of theoretical phaseshifts, — SF calculated directly from the theoretical 
phaseshifts used to create the manufactured DCS using only the p-waves of 
the theoretical phaseshifts.
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duces phaseshifts which are acceptably close to those used to generate the test cross 
section at energies up to around 3 eV, including the spin-orbit split p-wave terms. 
However, the accuracy of this aspect of the fitting process diminishes quite quickly 
with increasing energy due to the decreasing sensitivity of the fitting process as the 
magnitude of the other phaseshifts increases with increasing energy. Nonetheless, it 
appears that for low energies (less than about 3 eV), where the relative differences 
in the two p-wave components are substantial and all the other phaseshifts are still 
relatively small in magnitude, the present relativistic phaseshift analysis has the 
sensitivity to extract meaningful information on the spin-orbit components of the 
p-wave phaseshift.
The next evaluation was to determine how well the extracted p-wave phaseshifts 
reproduce the Sherman function calculated directly from the theoretical phaseshifts. 
This is demonstrated in figure 5.19 where the Sherman functions calculated from 
the p-wave phaseshifts extracted from the fit to the experimental DCS are com­
pared with those calculated using (i) the full set of theoretical phaseshifts and (ii) 
the theoretical p-wave phaseshifts only, at energies of 0.75, 2.75 and 5 eV. At each 
energy there is little difference between the SFs calculated from the full set of the­
oretical phaseshifts and those calculated using just the theoretical p-wave terms, 
even at 5 eV. The curves shown were generated using the present theory but the 
same conclusion arises if one uses the calculation of Johnson and Guet (1994). This 
indicates that, according to the theory, the overwhelming contribution to the SF at 
these low energies comes from the p-wave terms. The agreement between the SF 
calculated from the p-wave phaseshifts derived from the phaseshift analysis fit is in 
good accord with the theoretical curves at energies of 0.75 and 2.75 eV but not at 5 
eV. This is due to the decreasing sensitivity of the fitting process to the two p-wave 
terms as the magnitude of the other phaseshifts increases steadily with increasing 
energy. However, it appears that the technique is applicable at energies up to about 
3 eV.
In a separate calculation an extra term was included, allowing for spin up/down 
components in the d-wave. This did not enhance the fit or the derived Sherman 
functions, in fact the reduced \ 2 which resulted was substantially worse than for a 
non-split d-wave phaseshift.
5.5.3 Results and discussion
The first three phaseshifts arising from the present analysis are presented in ta­
ble 5 6, with a summary of other available values. A graphical comparison is made 
for the S-, p- and d-wave phaseshifts in figures 5.20(a) and (b) and 5.21 with some 
of the other published values.
With three exceptions, the present s-wave phaseshift (figure 5.20(a)) is in good 
agreement with all the theoretical phaseshifts. The exceptions are at 0.67 eV
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E n erg y
(eV )
R eference Vo 'it ' l l n* ^2
0.67 P re se n t ex p e rim e n t 0.0591 -0 .0 0 7 3 0.0676 0.0612
P re se n t th e o ry 0.0607 0.0301 0.0532 0.0478 0.0472
0.75 P re se n t e x p e rim e n t - 0.0000 0.0082 0.0575 0.0558
P re se n t th e o ry 0.0323 0.0229 0.0489 0.0551 0.0544
0.85 P re se n t ex p e rim e n t -0 .0 4 0 5 0.0108 0.0638 0.0571
P re se n t th e o ry - 0 .0 0 2 0 0.0129 0.0423 0.0648 0.0639
Sienkiew icz a n d  B ay lis (1989) 
a t  0.8 eV
0.0027 0.0240 0.0499 0.0570 0.0568
1.0 P re se n t e x p e rim e n t - 0 .0 8 0 9 -0 .0 1 0 4 0.0479 0.0754
P re se n t th e o ry -0 .0 5 1 3 -0 .0 0 4 0 0.0300 0.0808 0.0795
Jo h n so n  a n d  G u e t (1994) - 0 .1 0 1 5 -0 .0 1 4 6 0.0168 0.0713 0.07036
Sienkiew icz a n d  B aylis - 0 .0 6 2 9 0.0024 0.0342 0.0748 0.0746
Sin  Fai L am  (1982) -0 .0 8 7 1 0.0096 0.0403 0.0842 0.0827
1.75 P re se n t ex p e rim e n t -0 .2 9 4 1 -0 .1 0 4 9 - 0 .0 2 5 0 0.1577
P re se n t th e o ry -0 .2 6 4 4 -0 .1 0 3 8 - 0 .0 5 1 3 0.1890 0.1841
2.0 P re se n t ex p e rim e n t - 0 .3 4 4 2 -0 .1 2 3 9 - 0 .0 7 3 8 0.1988
P re se n t th e o ry -0 .3 2 6 2 -0 .1 3 8 8 -0 .0 8 1 5 0.2367 0.2302
Jo h n so n  a n d  G u e t -0 .3 4 3 8 -0 .1 4 8 6 -0 .0 9 4 0 0.1879 0.1839
Sienkiew icz a n d  B aylis -0 .3 3 3 8 -0 .1 3 2 8 -0 .0 0 7 8 0.1880 0.1873
Sin  Fai L am -0 .3 6 5 7 -0 .1 2 5 4 -0 .0 7 3 3 0.2376 0.2305
2.75 P re se n t ex p e rim e n t - 0 .4 8 6 7 -0 .2 2 9 7 -0 .1 4 1 1 0.3254
P re se n t th e o ry -0 .4 9 1 6 -0 .2 4 1 7 -0 .1 7 3 1 0.4140 0.4026
Sienkiew icz a n d  B aylis 
a t  3.0 eV
-0 .5 4 5 0 -0 .2 6 9 7 -0 .2 0 1 3 0.3434 0.3435
3.75 P re se n t e x p e rim e n t - 0 .5 5 7 5 -0 .4 2 2 2 -0 .2 0 9 8 0.4871
P re se n t th e o ry - 0 .6 7 8 8 -0 .3 6 9 4 - 0 .2 9 0 6 0.6998 0.6867
Jo h n so n  a n d  G u e t 
a t  4.0 eV
- 0 .7 2 0 4 -0 .4 0 7 8 -0 .3 2 7 7 0.5673 0.5592
Sienkiew icz a n d  B aylis 
a t  4.0 eV
-0 .7 2 1 0 -0 .3 9 6 7 - 0 .3 1 8 5 0.5287 0.5322
5.0 P re se n t ex p e rim e n t -0 .8 5 2 0 -0 .4 7 6 5 -0 .3 2 5 7 0.7196
P re se n t th e o ry -0 .8 7 6 4 -0 .5 1 2 6 -0 .4 2 5 3 1.0188 1.0146
Sienkiew icz a n d  B aylis -0 .8 7 3 0 -0 .5 1 2 0 -0 .4 2 6 6 0.7174 0.7266
Sin  Fai L am - 0 .9 1 7 6 -0 .5 1 2 9 - 0 .4 3 1 5 0.9908 0.9817
7.9 P re se n t e x p e rim e n t - 1 .3 8 6 0 -0 .8 3 6 0 0.1071 1.062
P re se n t th e o ry - 1 .2 3 9 3 -0 .7 8 8 3 - 0 .6 9 0 8 1.3484 1.3657
Jo h n so n  a n d  G u e t 
a t  8 .0 eV
-1 .2 3 6 9 -0 .8 0 0 5 - 0 .7 0 0 0 1.2273 1.2545
Sienkiew icz a n d  B aylis 
a t  7.5 eV
- 0 .1 1 8 5 -0 .7 5 7 2 -0 .6 6 0 4 1.0071 1.0929
Table 5.6: A comparison of the first three elastic scattering phaseshifts derived 
from the present analysis with those from some previous studies.
I l l
Figure 5.20: Phaseshifts for elastic electron scattering from xenon at energies
below 8 eV. (a) s-wave phaseshifts: • Present results , ------present theory,
------Johnson and G u e t,----- Sienkiewicz and Baylis,------- Sin Fai Lam. (b)
p3/2-wave phaseshifts: • Present resu lts,------present theory,------- Johnson
and G u e t,----Sienkiewicz and Baylis,------- Sin Fai Lam. p^-w ave phase-
shifts: o present resu lts ,------- present theory ,---------Johnson and Guet,
• - - Sienkiewicz and Baylis,-------- Sin Fai Lam.
where it does not favour that of Johnson and Guet, however since this phaseshift 
fit produces a DCS which does not adequately represent the experimental DCS 
(section 5.3) this may not be a useful discrimination mechanism. At 3.75 eV the 
present derived phaseshift is anomalously high, and at 7.9 eV it is lower than the 
theoretical values. This is not unexpected, since the phaseshift fitting process is 
regarded as applicable only up to about 3 eV (section 5.5.2). This is demonstrated 
again in figure 5.20(b), where both spin-up and down phaseshifts move away from 
the theoretical values quickly after about 3 eV. The d-wave phaseshifts agree sur­
prisingly well with those of Sienkiewicz and Baylis over the whole energy range.
Figure 5.22 presents Sherman functions, derived from the p-wave phaseshifts ex­
tracted from the present DCS measurements at 0.75 and 0.85 eV, which are com­
pared with the present theoretical calculations and those of Sienkiewicz and Baylis 
at 0.8 eV. It is unfortunate that the comparison of various experimental and theo-
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Figure 5.21: D-wave phaseshifts for elastic electron scattering from xenon at
energies below 8 eV. d5//2-wave phaseshifts: • Present results, ------ present
theory,------ Johnson and G u et,-----  Sienkiewicz and B aylis,------ Sin Fai
Lam. d3/2-wave phaseshifts:--------present theory,---------Johnson and Guet,
- - - Sienkiewicz and Baylis,---------Sin Fai Lam.
retical results must be made at different energies. However, the Sherman function 
shows a reasonably strong energy dependence, which can be readily seen in the 
results. Comparisons can then be made sensibly, for example the Sherman function 
constructed from the phaseshifts of Sienkiewicz and Baylis at 0.8 eV is comparable 
to the present data and theory at 0.85 eV rather than 0.75 eV (figure 5.22). At 
0.75 eV agreement with the present theory is very good. At 0.85 eV (figure 5.22(b)) 
the shallower first minimum in the theoretical SF reflects the deeper DCS minima 
of the theoretical calculations. The broad second minimum of the SF derived from 
the fit to the experimental DCS reflects a phaseshift fit which resulted in a shal­
low second minimum and a third maximum to the DCS. This is perhaps a further 
example of the limitation of this type of fitting process. The fit represents the mea­
sured DCS but may be incorrect at large angles where there is no experimental data.
At 1 eV the SF derived from the fit to the present data (figure 5.23(a)) can be 
compared with the present theoretical calculations and those of Johnson and Guet, 
Sienkiewicz and Baylis and Sin Fai Lam. The agreement between the present exper-
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Figure 5.22: A comparison of measured and calculated Sherman functions at
(a) 0.75 eV and (b) 0.85 e V .------- derived from the relativistic phaseshift
analysis of present experimental D C S,------present theory,----- Sienkiewicz
and Baylis at 0.8 eV.
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Figure 5.23: A comparison of measured and calculated Sherman functions at
(a) 1.0 eV and (b) 1.75 eV. • Diimmler et al. at 1.5 eV ,------- derived from
the relativistic phaseshift analysis of present experimental DCS,------present
theory ,------Johnson and G u e t,-----  Sienkiewicz and B aylis,------Sin Fai
Lam.
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Figure 5.24: A comparison of measured and calculated Sherman functions
at (a) 2.0 eV and (b) 2.75 eV. • Diimmler et a l . , ------- derived from the
relativistic phaseshift analysis of present experimental DCS, ------ present
theory ,----- Johnson and G u e t,------Sienkiewicz and B aylis,--------Sin Fai
Lam. For (b) the Diimmler et al. and Sienkiewicz and Baylis data is at 3 eV.
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imentally derived Sherman function (SF) with those calculated from all the theories 
is quite good, although there are differences in the position and width of the dips 
in the SF, similar to the differences observed in the DCS comparison at this en­
ergy (figure 5.6(b)). At 1.75 eV (figure 5.23(b)) the first comparison can be made 
with the spin-polarised elastic scattering experiments of Diimmler et al. (1995) at 
an energy of 1.5 eV. The measured SF of Diimmler et al. is essentially zero across 
their whole angular range with perhaps a slight hint of the formation of the dip at 
backward angles that is readily observable in both the present measurement and 
theory.
In figure 5.24(a) the Sherman function for 2 eV is shown. There is clearly good 
agreement between the present experimental determination and that of Diimmler 
et al. and also with the four calculations. The main difference between Diimmler 
et al. and the other determinations lies in the fact that the present experimental 
SF and the four calculations all show a dip of 15-20% in the SF at forward angles 
which is not yet developed in the direct measurement of Diimmler et al. At 2.75 
eV (figure 5.24(b)) the present measurement is compared with the present theo­
retical calculation, the data of Diimmler et al. and the calculation of Sienkiewicz 
and Baylis (in these latter cases at 3.0 eV). The latter measurement indicates the 
development of a dip in the SF at forward angles which is consistent with both the 
present experiment and the calculations. In general, the agreement between the 
four Sherman functions is excellent.
At energies between 3-5 eV, whilst the non-zero SF is still almost entirely due to the 
splitting in the p-wave phaseshift, the reliability of the SFs derived from the phase- 
shift technique diminishes due to a decreasing lack of sensitivity to the two p-wave 
components in the fitting process. This is demonstrated in figure 5.25(a), where 
the SF derived from the present data at 3.75 eV is significantly higher than the 
other experimental and theoretical data. There is surprisingly good agreement at 5 
eV (figure 5.25(b)), however this may be fortuitous, especially when viewed in the 
light of the Sherman function derived from the fit to the present experiment at 7.9 
eV (figure 5.26), where the derived SF bears little resemblance to the other data sets.
5.6 Integral cross sections
The integral elastic and momentum transfer cross sections generated from the de­
rived phaseshifts are presented in tables 5.2 and 5.3. As mentioned previously 
(section 5.3) integral cross sections above the inelastic threshold were found by ex­
trapolation of the present data to allow integration over the whole angular range. 
There is a substantial body of work with which they can be compared and, in the 
interests of clarity, the comparisons are made with only a selection of these previ­
ous measurements. For the integral elastic cross section (figure 5.27) the present 
measurements extend to low enough energies to show the deep Ramsauer-Townsend
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Figure 5.25: A comparison of measured and calculated Sherman functions
at (a) 3.75 eV and (b) 5.0 eV. • Diimmler et a l . , ------- derived from the
relativistic phaseshift analysis of present experimental DCS, ------ present
theory ,------Johnson and G u e t,-----  Sienkiewicz and B aylis,------Sin Fai
Lam. For (a) the Diimmler et al. and Johnson and Guet data is at 4 eV.
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Figure 5.26: A comparison of measured and calculated Sherman functions at
7.9 eV. • Diimmler et al. at 8 eV ,------- derived from the relativistic phase-
shift analysis of present experimental DCS,------present theory,------ Johnson
and Guet at 8 eV ,----Sienkiewicz and Baylis at 7.5 eV.
minimum which occurs at around 0.8 eV. Within the combined uncertainties of the 
present data and previous measurements, the level of agreement between the vari­
ous experiments is reasonably good, with the best level of agreement being demon­
strated with the cross sections of Ferch et al. (1987), Jost et al. (1983) and Alle et al. 
(1993). For energies less than 2 eV (figure 5.27(a)) the present theory is in excellent 
agreement with these various experiments. In reasonably good agreement are the 
calculated cross sections of Yuan and Zhang, Sienkiewicz and Baylis, McEachran 
and Stauffer (1987) and Sin Fai Lam, while those of Gianturco and Rodriguez- 
Ruiz and Johnson and Guet both find the Ramsauer-Townsend minimum at lower 
energies than the experimental values. Above 2 eV (figure 5.27(b)), the present 
calculated cross section is slightly higher than the experiments, reflecting the differ­
ences observed, and commented upon in section 5.3, in the differential cross sections.
In figure 5.28 the momentum transfer cross section is compared with various ex­
perimental and theoretical results. Once again the present experiment is in good 
agreement with the derived cross section of Register et al. and the present theory 
for energies less than 2 eV (figure 5.28(a)). At lower energies it would appear that 
the present measurements favour a lower R-T minimum in Qmt than is predicted
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Figure 5.27: Integral elastic cross section for electron scattering from xenon, 
(a) below 2 eV, (b) 0 to 50 eV. • Present results, ■ Alle et al. (1993), 
o Nishimura et al., □ Register et al., x Ferch et al. (1987), A Nickel et al.
(1985), o Jost et al. (1983), ------ present theo ry ,---------Gianturco and
Rodriguez-Ruiz,------Johnson and Guet, --- Yuan and Z hang ,-----  Sien-
kiewicz and Baylis, —  McEachran and Stauffer (1987),-------- McEachran
and Stauffer (1984),------Sin Fai Lam.
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Figure 5.28: Momentum transfer cross section for electron scattering from 
xenon, (a) below 2 eV, (b) 0 to 50 eV. • Present results, o Nishimura et al.,
□  Register et al., A Suzuki et al. (1992), o Nakamura (1991),--------- Hunter
et al. (1 9 8 8 ) ,------- Hayashi (1983), --------  present theory, --- Yuan and
Zhang, ----  Sienkiewicz and Baylis, —  McEachran and Stauffer (1987),
---------McEachran and Stauffer (1984),-------- Sin Fai Lam.
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by either of the swarm-derived cross sections of Hunter et al. (1988) or Suzuki 
et al (1992). This brings it into better agreement with the swarm-derived cross 
section of Nakamura (1991) and with the cross section of Weyhreter et al. (1988) 
(not shown) which was derived from crossed-beam measurements via the Modified 
Effective Range Theory. Above the R-T minimum the present data agree well with 
the results of Hayashi (1983). The theoretical treatments of Yuan and Zhang, Sien- 
kiewicz and Baylis and Sin Fai Lam all find an R-T minimum at lower energies 
than the beam and swarm derived data. Above 2 eV (figure 5.28(b)) the present 
experiment and that of Register et al. remain in good agreement with each other 
and that of Nishimura et al., although all are smaller in magnitude than the present 
calculation above 20 eV.
5.7 Conclusions
These experimental measurements provide only the second set of absolute data for 
elastic electron scattering from xenon at energies below 1 eV. They are part of a 
comprehensive set of differential cross section measurements for elastic scattering 
of electrons from Xe at energies between 0.67 and 50 eV. In general the agreement 
with previous experiments is encouraging, although there are some instances where 
the comparison reveals discrepancies which are outside of the combined experimen­
tal uncertainties. These differences are larger and arise more frequently than those 
which have been observed previously in comparisons of cross sections for Ne (Gulley 
et al. 1994) and Ar (chapter 4). No doubt some part of this is due to the more strin­
gent requirements on angular resolution imposed by the detailed structure in the 
low energy electron-xenon cross section.
The experimental data have been analysed using a relativistic phaseshift technique 
which has enabled extraction of Si/2, Pi/2 ,3/2 > and d-wave phaseshifts for comparison 
with theory. These phaseshifts were further used to calculate Sherman functions 
for comparison with experiment. This approach takes advantage of the special 
circumstances for electron scattering from xenon at around 1 eV where there is (i) 
the occurrence of the R-T minimum, (ii) small, but finite values of both the p-wave 
and d-wave phaseshifts, and (iii) a difference in the two relativistic components of 
the phaseshifts which is only appreciable for the p-wave. This results in the Sherman 
function being almost entirely determined by the p-wave at low energies (< 3 eV) 
and provides the unique opportunity to probe relativistic effects without the need 
to determine the spin-polarisation of the scattered electrons. Where comparison 
can be made with previous experiment, the results appear to be promising and may 
enable the extension of Sherman function determinations to much lower energies.
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CHAPTER 6
Carbon Monoxide
6.1 Introduction
The low energy cross sections for electron scattering from CO are significant be­
cause CO plays an important role in our atmosphere and the interstellar medium, 
and in a variety of gas discharge processes. CO is an interesting theoretical chal­
lenge in that it is a reasonably small, closed shell molecule which is weakly polar 
and exhibits strong shape resonance effects at low incident energies, particularly in 
the vibrational excitation channels. It is isoelectronic with N2 and previous studies 
have highlighted the similarities in the shape and magnitude of the elastic differen­
tial cross sections for the two gases (Nickel et al. 1988, Middleton et al. 1992).
Although there is extensive previous experimental electron scattering work on CO, 
it is characterised by a lack of recent, absolute differential cross section measure­
ments at energies below about 5 eV. Relevant measurements covering the current 
energy range of interest (1-30 eV) include the relative angular distributions for 
elastic scattering and vibrational excitation of Ehrhardt et al. (1968), elastic DCS 
measurements of Tanaka et al. (1978), vibrational excitation DCS of Chutjian and 
Tanaka (1980), Tronc et al. (1980) and Middleton et al. (1992), elastic and vibra­
tional cross sections by Jung et al. (1982), rotational excitation cross sections of 
Sohn et al. (1985) and Gote and Ehrhardt (1995), elastic DCS measurements of 
Nickel et al. (1988) and elastic and electronic excitation measurements of Middle- 
ton et al. (1993). There have been many measurements of the grand total cross 
section in recent years but rather than list them all here the recently published 
“recommended” cross section of Kanik et al. (1993) is noted. This contains a com­
prehensive list of references to previous work.
Theoretical interest in elastic scattering from CO has been fragmentary, due in 
part to the difficulties which the long-range dipole interaction poses for calculations 
formulated in the fixed-nuclei approximation. Previous theoretical work includes 
that of Onda and Truhlar (1980), who calculated elastic DCS in a close-coupling 
approach with a self-consistent field (SCF) treatment of polarisation and a local ex­
change approximation. DCS calculations for both elastic scattering and vibrational 
excitation using the R-matrix approach were reported by Morgan (1991) and Mor-
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Figure 6.1: Normalised flowrates (F .y /~ M ) verses driving pressure for • He 
and o CO with linear fits to the normalised flowrate.
gan aid Tennyson (1993) and integral cross sections by Salvini et al. (1984). Jain 
and borcross (1992) used an exact exchange plus parameter free polarisation model 
to cabulate both rotationally elastic and inelastic DCS and integral cross sections 
between 0.001 and 10 eV. The present study investigated both experimental and 
theoretical aspects of electron scattering from CO. The theoretical calculations were 
performed by L. A. Morgan and subsequent reference to the “present” R -matrix the­
ory is to Morgan’s work.
This work was intended to provide an extensive set of absolute DCS for elastic 
scattering and vibrational (0-1) excitation from the ground X 1EJ‘ state between 
1 and 30 eV, to enable critical comparison with the present i?-matrix calculations 
and ether experiments, particularly below 5 eV incident energy. The experimen­
tal apparatus and techniques for these measurements were described in chapter 3, 
however procedures specific to CO are further described in section 6.2.
6.2 Techniques for carbon monoxide measurements
The apparatus was operated according to the procedures described in chapter 3. 
Initially, measurements of the relative flowrates for CO and helium were made. The
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Figure 6.2: Elastic electron scattering from CO as a function of energy in the 
region of the 2E+ Feshbach resonance and at a scattering angle of 90°.
results are presented in figure 6.1. The hard sphere diameters (cr) used for these 
species were <j He =  2.551 Ä and aco — 3.69 Ä (Reid et al. 1987). The problems 
associated with the choice of hard sphere diameters are discussed in section 3.3.4. 
These values result in an ideal ratio for the driving pressure of Pco — 0-48 P//e 
and the helium driving pressure was held at 1.0 torr. The normalised flowrates for 
both gases as a function of driving pressure are shown in figure 6.1. Also shown 
are linear fits to the flowrate data. These are used in the analysis of the data to 
generate flowrates for any given measured driving pressure.
As mentioned in section 3.3.5, it is important to calibrate the energy of the appara­
tus as close as possible to the energies of interest. Low energy (~ 2 eV) calibration 
was made against the second quasi-vibrational peak of the low energy N2 shape res­
onance and high energy (~ 20 eV) calibration was made against the He" resonance 
as described in section 3.3.5. Calibration at intermediate energy was made against 
the sharp 2E+ Feshbach resonance at 10.04 eV (Newman et al. 1983). Figure 6.2 is 
an example of this resonance. The overall energy resolution of the apparatus during 
the course of these measurements was typically 50 meV.
The present investigation included measurements of both elastic and inelastic (v = 
0-1) scattering. Figure 6.3 is an example of an energy loss spectra taken to establish
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Figure 6.3: Electron scattering from CO as a function of energy loss at a 
scattering angle of 60° and an incident electron energy of 1.91 eV.
the positions of the vibrational peaks.
6.3 Experimental results
6.3.1 Elastic scattering
Abso.ute differential cross sections for elastic scattering at 12 incident energies be- 
tweer. 1.0 and 30 eV are given in table 6.1.
At 1 eV (figure 6.4(a)) the present results can be compared with the relative angular 
distributions of Ehrhardt et al. (1968) which have been normalised to the present 
data it a scattering angle of 90°. There is very good agreement between the shapes 
of the two experimental cross sections. However, there are large discrepancies be- 
tweer. these measurements and the present theory and the Born-approximation. 
There are similar problems with both calculations at 1.25 eV, where there is no 
other experimental cross section for comparison (figure 6.4(b)).
A similar comparison is made at 1.5 eV (figure 6.5(a)), where the normalisation for
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Figure 6.4: Absolute DCS for elastic scattering from CO at (a) 1.0 eV, (b) 1.25 
eV. (a) • Present results, o Ehrhardt et ah, normalised to the present data
at 90°, ------  present theory,---- Born-dipole approximation, (b) • Present
results,------ present theory,----- Born-dipole approximation.
the data of Ehrhardt et al. (at 1.45 eV) was made at 60°. The level of agreement in 
the shape of the experimental cross sections is reasonable although there are some 
differences (20-30%) at both forward and backward angles. There are again sub­
stantial differences with the R-matrix calculation at this energy. This may be due 
to the non-inclusion of polarisation effects in the theoretical model. These will be 
more significant at very low energies where the contribution from the non-resonant 
2E+ symmetry dominates the cross section. Similar discrepancies between i?-matrix 
theory and experiment on the low energy side of a resonance have also been observed 
in the case of N2 (Gillan et al. 1987).
At energies between 1.5 and about 3 eV, both elastic scattering and vibrational 
excitation in CO are enhanced by the formation of a temporary negative ion of 
2n  symmetry. This resonance has an intermediate lifetime, on the order of 10-14s, 
such that in certain decay channels there is evidence for narrow and weak quasi­
vibrational structure superimposed on a broad resonance structure. In the elastic 
channel these features are weak and represent only a few percent of the overall 
resonant plus direct scattering cross section. In the vibrational (v — 0-1) channel
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Figure 6.5: Absolute DCS for elastic scattering from CO at (a) 1.5 eV, (b) 
1.91 eV. (a) • Present results, o Ehrhardt et al., at 1.45 eV and normalised
to the present data at 60°,------ present theory, (b) • Present results, Jung
et al. at 1.83 e V ,------ present theory,------- Jain and Norcross (1992) at 1.8
eV.
they appear at about the 10-20% level of the broad resonant background and their 
positions are easily identifiable with even moderate energy resolution. The details 
of these determinations are presented in section 6.3.3. Elastic DCS measurements 
were made at the positions of resonance structures as determined in the vibrational 
excitation channel. These particular structures were found, at a scattering angle of 
60°, at energies of 1.91 and 2.45 eV, and the elastic DCS measurements at these 
energies are shown in figures 6.5(b), and 6.6(a) respectively. Except for small differ­
ences in absolute magnitude there are no significant differences in the shape of the 
two cross sections. At 1.91 eV the present experiment is compared with a previous 
measurement, by Jung et al. (1982), made at an energy of 1.83 eV, but apparently 
coinciding with the same resonance feature. The present measurement is uniformly 
higher in magnitude across the entire angular range by between 10-30% but there is 
good general agreement as to the shape of the DCS. Comparison with the theoret­
ical calculations of Jain and Norcross (1992), also made at 1.8 eV, and the present 
R-matrix theory, show that both display similar angular behaviour to the present 
experiment. However the calculation of Jain and Norcross is uniformly larger in
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Figure 6.6: Absolute DCS for elastic scattering from CO at (a) 2.45 eV, (b) 3.0
eV. (a) • Present results,------present theory, (b) • Present results, o Tanaka
et al., o Ehrhardt et al. at 3.5 eV and normalised at 60°,------present theory,
------Jain and Norcross (1992).
magnitude than the present experiment. The i?-matrix cross section is larger for 
scattering angles less than about 80°, but in reasonably good agreement with the 
present experiment beyond that. At 2.45 eV (figure 6.6(a)) there is good overall 
agreement between the present experiment and R -matrix theory, except at the most 
forward angles where the theoretical magnitude is substantially larger.
At an energy of 3 eV (figure 6.6(b)), on the high energy tail of the resonance, there 
is a slight change in the angular behaviour of the cross section with the DCS de­
creasing at angles below about 30°. A similar, slightly displaced, shape is observed 
in the cross section of Tanaka et al. (1978) and there is fair agreement between 
the magnitude of the present cross section and that of Tanaka et al. at angles 
greater than about 50°. Below this angle the present experimental cross section 
is substantially larger. The two theories, in general, agree well with the present 
measurements although that of Jain and Norcross is in closer agreement with the 
shape of the present measurements since the present calculation does not show the 
decrease in the DCS at forward angles. This decrease at forward scattering angles 
in this energy region has been noted in, and commented upon, for several other
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Figure 6.7: Absolute DCS for elastic scattering from CO at (a) 5.0 eV, (b) 6.0
eV. (a) • Present results, o Gote and Ehrhardt, o Tanaka et a l.,------ present
theory,------ Jain and Norcross (1992). (b) • Present results, --------present
theory.
molecules (see section 6.5).
In figure 6.7(a) the present measurements at an energy of 5.0 eV are compared with 
the experiments of Tanaka et al. and Gote and Ehrhardt (1995), the present calcula­
tion and that of Jain and Norcross. With the exception of the most backward angles 
(above about 100°), where the present measurement is smaller in magnitude than 
both the others, the three experiments are in exceptionally good agreement and all 
indicate a strong turnover of the cross section at forward angles. The calculation 
of Jain and Norcross displays a turn over and plateau behaviour which is, however, 
larger in magnitude than all three experiments for scattering angles less than 90°. 
The present i?-matrix calculation at this energy, based on the formalism of Morgan 
and Tennyson (1993), is in excellent agreement with the experiments between 40- 
130° but again does not show the turn over in the cross section at forward angles 
(< 30°).
At 6.0 eV (figure 6.7(b)) the experimental DCS has changed shape again with the 
decrease in the cross section at forward angles, evident at lower energies, developing
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Figure 6.8: Absolute DCS for elastic scattering from CO at (a) 7.5 eV, (b)
9.9 eV. (a) • Present results, o Tanaka et a l. ,------ present theory,------- Jain
and Norcross (1992). (b) • Present results, o Gote and Ehrhardt, o Tanaka
et al., ------ present theory,------- Jain and Norcross (1992),------- Onda and
Truhlar.
into a plateau in the region around 20-40° with a subsequent increase at smaller 
angles. Once again the R -matrix calculation does not reproduce these subtle details 
at forward angles but the agreement above 40° is excellent.
At 7.5 eV (figure 6.8(a)) there is again quite good agreement between the present 
measurements and those of Tanaka et al., particularly at angles greater than 50°. 
Below this, both cross sections display some subtle angular structure, although the 
present measurements are consistently larger in magnitude by 20-30%. While the 
72-matrix calculation does not reproduce these variations at forward angles, it does 
predict the overall shape and magnitude of the cross section. The calculated cross 
section of Jain and Norcross is in very good agreement with the shape of the DCS, 
although typically 20-40% larger in magnitude.
Figure 6.8(b) compares the present measurements and 72-matrix cross section at an 
energy of 9.9 eV with the experiments of Tanaka et al. and Gote and Ehrhardt and 
the calculations of Jain and Norcross and Onda and Truhlar (1980), all of which
132
10
'u*
° S
c_o
<u
C / D
C / D0
U hu
.2
c<u
1M-h
Q
X
•
10
6 X
♦ T._ AC/D
?
X
o
• c
I _o X
• on o
i C/DC/D
o
0
U  1 -
*  •
■ O 0
*  . 0
13« pH
C
<D
j u
rt-1
c
o
 
»
O XQ o
? XB *
5 *
o
o  *
*  , °
( a ) $  «  O ( b )
o  •  o
__ .__.__ i__ . . . . . . __ .__. . . . . . . 0. 1 . . .  0  . . . . . . .0 . 1 ‘- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . » — ■ ■ ■ ■ ■ ■ !  O . l l  ■ ■ ■ .. .. .. .. .. .  ■ ■ » ■ * 1  ^ ..i . . i .. i.. i -i
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Scattering Angle (degrees) Scattering Angle (degrees)
Figure 6.9: Absolute DCS for elastic scattering from CO at (a) 20 eV, (b) 30 
eV. (a) • Present results, x Middleton et al. (1993), □ Nickel et al., o Tanaka 
et al. (b) • Present results, x Middleton et al., □  Nickel et al., o Tanaka 
et al.
were made at 10 eV. The energy of 9.9 eV was chosen in the present measurement 
and theory in order to avoid the possible complication of comparison near the sharp 
2E+ Feshbach resonance at 10.04 eV (Newman et al. 1983). The agreement between 
the present experimental result and that of Tanaka et al. is good in the mid-angle 
range although there are substantial discrepancies at both forward and backward 
angles. In contrast to the situation at 5 eV, the cross section of Gote and Ehrhardt 
lies below the present (by about 20%) at angles less than 80°, but is in excellent 
agreement at larger angles. In general the present experiment and theory are in 
good agreement across most of the angular range, the theory also being in good 
accord with the data of Gote and Ehrhardt. There is also good agreement in shape 
between the present data and the calculations of Jain and Norcross and Onda and 
Truhlar, although both of these calculations are higher in magnitude at most angles.
The elastic DCS for 20 and 30 eV are shown in figures 6.9(a) and (b) respectively. 
The level of agreement between the present measurements and those of Nickel et al. 
(1988) and Middleton et al. (1993) is excellent at both of these energies. On the 
other hand the data of Tanaka et al. is lower in magnitude by between 10 and 40%
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Figure 6.10: Absolute DCS for vibrational excitation of CO (is =  0-1) at (a)
1.0 eV, (b) 1.25 eV. (a) • Present results,------ present theory,-----Born-dipole
approximation, (b) • Present results, A Sohn et al. at 1.26 e V ,------ present
theory,---- Born-dipole approximation.
across the entire angular range at both energies.
6.3.2 Vibrational excitation
Absolute differential cross sections for vibrational excitation (is =  0-1) of CO at 
energies between 1.0 and 3.0 eV, i.e. within the 2I1 resonance region, and at 20 
and 30 eV are given in table 6.2. Figures 6.10, 6.11 and 6.12 encompass the 2I1 
resonance region and the measurements at 1.91 eV (figure 6.11(b)) and 2.45 eV 
(figure 6.12(a)) correspond to the energies at which two resonance peaks occur in 
the vibrational excitation function at a scattering angle of 60° (see section 6.3.3).
At 1.0 eV (figure 6.10(a)), below the dominant influence of the resonance, the mag­
nitude of the cross section is small but increases strongly at forward scattering an­
gles, a consequence of the direct dipole scattering. Indeed at small angles the DCS 
appears to approach both the shape and magnitude predicted by the Born-dipole 
approximation. The present i?-matrix calculation gives a reasonable description of
134
A
ng
le
 
E
ne
rg
y 
(e
V
)
(d
eg
) 
1.
0 
1.
25
 
1.
5 
1.
91
 
2.
45
O
CO
O
CM
O
ö
CO
CM
o
ö
o
co COo
CM
ö
05
ö
CM
CO
t ' -
ö
0 5
CM
Ö
OO
oo
ö
CO
CO
o
oo
ö
05
CM
o
CO
oo
ö
o m O) N ei ^
CM CM T—I CM CM CM T-H
CM
Oo
ö
CM
oo
ö
CM
oo
ö
o
CM
oo
ö
r
C^M
oo
ö
n  c o  N
CO rH  o
rH  r—( r —(
o o o 
o  ö  ö
o c i n c f N ^ i n o o c o
CM r H i—I r—I H  H  r-H H  r-H
N  CO CD CO
OO
0 5
oo
o
OO
0 0oo
ö
c o
OOo
o
ö
0 5
r -
oo
ö
CM
c o
op
ö
OOio
oo
ö
co
CO
oo
ö
OO
COo
o
o
CM
0 5
oo
ö
C M C O C O ' ^ f i O C O C O l O ' ^ C M C M C M C M ' ^ C M C M
O  0 0  OO OO CM CO i O  r-H 
0 5 t - l O H j l C O r H O O
M C D O 5 S H 0 0 N 0 0  
O l N C O C O N C O C D O O
p p o o p p o o
Ö Ö Ö O Ö Ö Ö Ö Ö O Ö Ö Ö Ö Ö Ö
C M C M C M C M C M C M C M C M C M C M C M  CM CM CO CM CO
rH r-H rH r-H r H r-H rH r H r H rH r-H r-H r-H r-H r H r-H
^ o i c O H i o N o o c M m  
l O C O O J C O C M O i C O ^ M  
Tt* hJ< CO CO CO CM CM CM CM
Ö O Ö Ö Ö Ö O Ö Ö
r H o CO 
0 5  OO c o  N
i H r H r H r H
ö  ö  ö  ö
O  O  CO 
OO r-H m  
r-H CM CM
o  ö  ö
r f - r f C O ^ T f C O - ^ T ^ ' r ^ C O - ^ C O C O C O
H ® O H N r f H O l C O O O N M ® C « 5 N 0 1
o ^ H c o o i O H i o n N ' f c n ' t o o ^ M
C O p C O i O i O r ^ r ^ c O C O C M C M C M C M C M C O ^
ö O o o o ö o ö o ö ö ö o ö ö ö
CM CM C M C M C M C M C M C M C M C M  CM CO CM CM CO CM
i o
0 5
CO
ö
COco
ö
O  O  i o  
O  t~— hJI CM 
CO CM CM CM
ö  ö  ö  ö
o
0 5 CM
oo
©  ö  ö  ö
CM b -  
0 5  0 5o  o  
ö  ö
OO
i o
ö  ö
CO -rjl CO 
CM rH  rH
OO 0 5  O
o o  m  ^
rH  rH  rH
ö  ö  ö
o
CM CO N
OO i oo  o  
ö  ö
0 5o
ö
cocoo
ö
CO
c oo
ö
00
CMo
ö
H i n t O C O C M O O N N
l O C O C M C M N C M C O ^o o p o p o o o
ö ö ö ö ö ö ö ö
CM OO rH t>- 
CM r-H CO CO
O  ^  
CM rH 
O  O
ö  ö
05
05oo
ö
05oo
ö
b -
OOoo
ö
00 co
CM CM
o  o
ö  ö
O  io O  i o  O  i orH CM CM CO CO O  lO  O  I Or j i  ^  m  m
o  o  o  o
O O O O O r - H C M C O  
CO t— OO 05 rH rH rH
55
Q*
135
Ta
bl
e 
6.
2:
 A
bs
ol
ut
e 
di
ff
er
en
tia
l c
ro
ss
 s
ec
tio
ns
 (
Ä
2 
sr
_1
) f
or
 v
ib
ra
tio
na
l e
xc
ita
tio
n 
of
 C
O
 (
u 
=
 0
-1
) 
at
 in
ci
de
nt
 e
ne
rg
ie
s 
be
tw
ee
n 
1.
0 
an
d 
30
 e
V
. F
ig
ur
es
 in
 p
ar
en
th
es
es
 in
di
ca
te
 th
e 
ab
so
lu
te
 u
nc
er
ta
in
ty
 e
xp
re
ss
ed
 a
s 
a 
pe
rc
en
ta
ge
. 
In
te
gr
al
 (
Q
u)
 c
ro
ss
 s
ec
tio
ns
 
ar
e 
gi
ve
n 
in
 u
ni
ts
 o
f Ä
2 
w
ith
 a
n 
es
tim
at
ed
 u
nc
er
ta
in
ty
 o
f ±
20
%
.
V l
30 60 90 120 150 180
Scattering Angle (degrees)
30 60 90 120 150 180
Scattering Angle (degrees)
Figure 6.11: Absolute DCS for vibrational excitation of CO (v =  0-1) at (a)
1.5 eV, (b) 1.91 eV. (a) • Present results,------ present theory, (b) • Present
results, V Jung et al. at 1.83 eV, + Tronc et al. (1980) at 1.83 eV, normalised 
to the present data at 90°, o Ehrhardt et al. at 1.8 eV, normalised to the 
present data at 9 0 ° ,------ present theory.
the DCS at large scattering angles (> 50°) but shows a turnover in the DCS at 
small angles, in contrast to the experimental observation.
The lowest energy at which previous experiments can be compared is 1.25 eV (fig­
ure 6.10(b)). There is generally good agreement with the result of Sohn et al. 
(1985), although the present result appears to be uniformly higher by between 5- 
20%. The current theory is in good agreement with experiment only at scattering 
angles greater than 60°. By 1.5 eV (figure 6.11(a)) the magnitude of the cross 
section has grown considerably under the influence of the resonance and the level 
of agreement with the R -matrix theory is worse, although the agreement in shape 
with the experimental DCS is better than at the lower energies. These differences 
in magnitude may be due, in part, to the rapidly increasing cross section near this 
energy. Small differences in the resonance position will have a disproportionate ef­
fect on any comparisons of magnitudes. The failure of the theory to predict the 
low angle behaviour for the low energy inelastic cross sections can be attributed to 
the truncation in the angular momentum expansion. The dipole potential couples
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Figure 6.12: Absolute DCS for vibrational excitation of CO ( v  =  0-1) at 
(a) 2.45 eV, (b) 3.0 eV. (a) • Present results, o Ehrhardt et al. at 2.35 eV,
normalised to the present data at 90°, ------  present theory, (b) • Present
results, o Chutjian and Tanaka (1980), o Ehrhardt et al. normalised to the 
present data at 9 0 °,------ present theory.
all /-values and, since this is the dominant potential at very low energies, a model 
which avoids the partial wave expansion, such as the Born-dipole approximation, 
may do better in this regime.
At the maximum in the vibrational excitation cross section (1.91 eV in the present 
work) several other experimental cross sections are available for comparison, and are 
shown in figure 6.11(b). Two of these are relative angular distributions (Ehrhardt 
et al. 1968, Tronc et al. 1980) and they have been normalised to the present mea­
surements at a scattering angle of 90°. In both cases the agreement of the present 
data with the shape of these cross sections is excellent. This is also the case with 
the absolute measurements of Jung et al. (1982) although the present cross section 
is about 30-40% smaller across the entire angular range. The agreement between 
the present experimental and theoretical cross section at this energy is good.
At 2.45 eV (figure 6.12(a)), an energy which corresponds to a higher energy quasi­
vibrational resonance peak in the present vibrational excitation cross section, there
137
0.015
0.025
^  0.02
c 0.01 cO.005
1 * 2 «
0.005 •  •  •
o o 8
30 60 90 120 150 180
Scattering Angle (degrees)
30 60 90 120 150 180
Scattering Angle (degrees)
Figure 6.13: Absolute DCS for vibrational excitation of CO ( u  =  0-1) at (a) 
20 eV, (b) 30 eV. (a) • Present results, x Middleton et al., o Chutjian and 
Tanaka, 4- Tronc et al. at 19.5 eV, normalised to the present data at 90°. (b) 
• Present results, x Middleton et al., o Chutjian and Tanaka.
is good overall agreement between the shape of the present cross section, that of 
Ehrhardt et al. and the present .R-matrix theory. As for the lower energy quasi­
vibrational peak, Ehrhardt et al. found this excitation cross section feature at a 
lower energy than the present work, at 2.35 eV rather than 2.45 eV. Similarly, the 
final comparison within the resonance region at an energy of 3.0 eV (figure 6.12(b)) 
shows good agreement with the shape of Ehrhardt et al. and the present R -matrix 
theory. However, at this energy comparison can also be made, for the first time, 
with the measurements of Chutjian and Tanaka (1980) which show a similar shape 
to the present data but are more than a factor of two lower in absolute magnitude.
At higher energies, vibrational excitation in CO is significantly affected by a fur­
ther, broad resonance centred at 19.5 eV which has been classified by Tronc et al. 
(1980) as a a shape resonance with a dominant f-wave angular distribution. The 
present measurements of the DCS at 20 eV (figure 6.13(a)) are in accord with this 
and also show good agreement in absolute magnitude with the results of Chutjian 
and Tanaka. However the agreement with the most recent measurements of Mid­
dleton et al. (1992) is poor, with their results showing essentially no influence of
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the shape resonance on the angular distribution. As the present elastic DCS at this 
energy is in good accord with that of Middleton et al. this discrepancy must be the 
result of a difference in the measured ratio of elastic to inelastic scattering in the 
two experiments. At 30 eV (figure 6.13(b)), above the influence of the a shape res­
onance, the situation is reversed with the present results showing good agreement 
with those of Middleton et al., both in shape and absolute magnitude. However, 
these measurements are substantially larger than the cross section of Chutjian and 
Tanaka at most scattering angles.
6.3.3 Excitation functions
The energy dependence of the absolute elastic differential cross section between 1 
and 6 eV is shown in figures 6.14(a) and (b) for scattering angles of 20° and 60° 
respectively. The broad 2n  shape resonance, centred at about 2.2 eV and with a 
width of around 2 eV, is clearly evident in the elastic excitation functions. The 
non-resonant direct scattering is enhanced by between a factor of two and three. 
Also shown on these curves are the individual DCS measurements from the angular 
scans, which have a smaller absolute uncertainty, but which are in good agreement 
with the excitation function values. Near the peak in the experimental cross section, 
particularly at an angle of 60°, there is evidence of weak quasi-vibrational resonance 
structures at energies of 1.90 eV, 2.06 eV and 2.30 eV. The results of the present 
theory are also shown and, whilst they exhibit remarkably similar structures in the 
cross section, these features are shifted to lower energies by about 0.2 eV.
The energy dependence of the vibrational (v =  0-1) excitation cross sections are 
shown in figures 6.15(a) and (b). At both angles the 2Ü resonance dominates the 
v =  0-1 cross section, enhancing the small, non-resonant component of the cross 
section by more than a factor of thirty. In this case the resonance is centred at 
around 1.9 eV and shows a width of around 1.5 eV. The quasi-vibrational features 
are also better developed in this channel, representing about 15-20% of the broad 
cross section feature. At an angle of 60° the dominant structures occur at energies 
of 1.65, 1.91, 2.20 and 2.45 eV, which are different energies and separations to that 
exhibited in the elastic channel at the same scattering angles. This is an indication 
of the “boomerang” nature of this resonance. There is no significant difference in 
the positions of the resonance peaks at the two scattering angles in the 0-1 chan­
nel. The cross section from the present R-matrix calculation is in remarkably good 
agreement with the experiment, particularly at 60°, both in terms of the magnitude 
and the positions of the dominant features of the cross section. This may be par­
tially due to a single dominant partial wave in the resonance, as opposed to elastic 
scattering, where interference between partial waves complicates the calculation.
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Figure 6.14: Energy dependence of the absolute elastic differential cross sec­
tion between 1 and 6 eV, (a) at a scattering angle of 20° and (b) at a scattering 
angle of 60°. Present experimental results: • excitation function technique, 
o angular DCS measurements,------present theory.
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Figure 6.15: Energy dependence of the absolute differential cross section for 
vibrational excitation (u =  0-1) between 1 and 6 eV, (a) at a scattering angle 
of 20° and (b) at a scattering angle of 60°. Present experimental results:
• excitation function technique, o angular DCS measurements,------present
theory.
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Figure 6.16: Integral elastic scattering cross section (Ä2) for CO. • present
data, □ Nickel et al., o Tanaka et a l . ,-------- Kanik et al. (1993), V Kanik
et al. (1992), ------present theory ,---------Jain and B aluja,--------Onda and
Truhlar.
6.3.4 Integral cross sections
The experimental differential cross sections for elastic scattering and vibrational ex­
citation were extrapolated to forward and backward angles and integrated to yield 
integral elastic, elastic momentum transfer and integral vibrational (v = 0-1) exci­
tation cross sections.
The integral elastic cross section is compared (figure 6.16) with the integral elastic 
cross sections of Tanaka et al. (1978) and Nickel et al. (1988), which were deduced 
from their elastic DCS measurements, a total cross section measurement of Kanik 
et al. (1992) and a “recommended” integral elastic cross section which has been 
deduced by Kanik et al. (1993). Calculated results of Onda and Truhlar (1980) and 
Jain and Baluja (1992) are shown, along with the present theory. There is good 
agreement between the present experimental cross section and the recommended 
values of Kanik et al. (1993), particularly at energies above the resonance peak. 
There is also good agreement between the present values and those of both Tanaka 
et al. and Nickel et al. The present theory is higher than the present data below
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Energy (eV)
Figure 6.17: Elastic momentum transfer cross section (Äz) for CO. • present
data, o Tanaka et a l . , ---------Haddad and Milloy, -------- present theory,
------ Jain and Norcross (1992),-------- Chandra.
the resonance peak but in good agreement above, reflecting the agreement demon­
strated at the DCS level. The calculation of Jain and Baluja clearly overestimates 
the magnitude of the cross section between 10 and 40 eV, whilst at 10 eV the cal­
culation of Onda and Truhlar is about 30% higher than the experiments.
For the momentum transfer cross section, comparison can be made between the 
present experiment and theory, the DCS-derived values of Tanaka et al. and the 
swarm measurements of Haddad and Milloy (1983). Calculated results have been 
reported by Jain and Norcross and Chandra (1977). These data are shown in fig­
ure 6.17. At energies above and below the resonance peak, the present data are in 
fair agreement with those of Haddad and Milloy, whilst in the region of the resonance 
peak the present results are about 50% lower than the swarm cross section. Some 
of this difference may be explained by the fact that the swarm result is a “total” 
momentum transfer cross section, including inelastic (rotational and vibrational) 
processes. Once again the present results are in good agreement with the cross 
sections of Tanaka et al. The calculation of Jain and Norcross is in good general 
agreement with both the cross section of Haddad and Milloy and the present results.
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Figure 6.18: Integral cross section for vibrational excitation (v= 0-1) (Ä2) 
for CO. • present data, o Chutjian and Tanaka, A Sohn et al., o Land, 
------present theory,-----Born-dipole approximation.
The calculation of Chandra shows a strong, narrow shape resonance whose position 
and magnitude is in good agreement with the swarm result and, to a slightly lesser 
extent, the present cross section. The width of this feature is, however, substan­
tially narrower than is evident in both experiments. As for the elastic integral cross 
section, the present theoretical calculation displays a larger magnitude than the 
present data below the resonance peak.
Experimental integral vibrational excitation (v =  0-1) cross sections for CO have 
been reported by Sohn et al. (1985), Land (1978) and Chutjian and Tanaka (1980). 
Theoretical calculations include the present i?-matrix formalism, while at very low 
energies Born dipole approximation results are also available (Sohn et al.). All 
the presently available experimental data and theoretical calculations are shown 
in figure 6.18. There is little overlap in the energy range covered by the various 
experimental determinations and, where overlap does exist, agreement between the 
various cross sections is only marginal. At energies below the resonance the present 
data and that of Sohn et al. and Land appear to be in fair accord. In general 
the cross section of Chutjian and Tanaka is smaller in magnitude than the present,
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consistent with the DCS comparisons. The present /^-matrix calculation is in rea­
sonable agreement with the present data in the resonance region.
6.4 Discussion
The present data shows good agreement with the early, relative elastic and inelastic 
DCS of Ehrhardt et al. (1968), except at 1.5 eV, where the shape of their large angle 
elastic data is flatter relative to the present data. Similarly, there is good agreement 
with the later work of Gote and Ehrhardt (1995) for both elastic and inelastic data. 
Agreement with the elastic DCS of Tanaka et al. (1978) is usually good with regard 
to the shape of the angular distribution, however the forward angle data tend to 
have smaller magnitude than the present data, and at higher energies their data is 
smaller in magnitude across the entire angular range. The later, inelastic work of 
Chutjian and Tanaka (1980) is also in good agreement with the present data with 
regard to shape, but agreement with regard to magnitude is again problematic. At 
20 eV the agreement is excellent, however, at 3 and 30 eV the Chutjian and Tanaka 
data is significantly smaller in magnitude than the present data. At both these 
latter energies the present data agrees well with the other data available for com­
parison, Gote and Ehrhardt at 3 eV and Middleton et al. (1992) at 30 eV. At 20 
eV, the data of Middleton et al. are larger in magnitude than the present and fail to 
display the mid-angle structure shown by both the present data and Chutjian and 
Tanaka. This structure is also displayed by the present data at 30 eV.
The elastic and inelastic data of Jung et al. (1982) is compared to the present data 
at an incident energy of 1.91 eV. In the present measurements this corresponded 
to the position of the largest peak in the excitation function of the first vibrational 
state at a scattering angle of 60°. Jung et al. found this peak at 1.83 eV, and while 
there is, once again, good agreement in the shape of the differential cross sections, 
the magnitudes are lower for the elastic and higher for the inelastic cross sections 
compared to the present data. Finally the vibrational excitation data of Sohn et al. 
(1985) agree reasonably well with the present data at 1.25 eV.
Below 5 eV the present theoretical differential cross sections were obtained from 
the R -matrix model described by Morgan (1991). This model employed a simple 
SCF wavefunction to describe the target molecule whilst the non-adiabatic formal­
ism of Schneider et al. (1979) was used to describe the vibrational motion. The 
more sophisticated /^-matrix model of Morgan and Tennyson (1993) was used to 
calculate the differential cross sections at higher energies. Eight target states were 
included and all were represented by more sophisticated Cl wavefunctions. Correla­
tion terms added to the wavefunction for the whole system of target molecule plus 
scattered electron were chosen to give a good representation of the collision process 
for energies in the range of 5-15 eV. This had the additional, unwanted, effect of 
slightly over-correlating the 2 eV 2II resonance state compared to the ground state
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and, as a result, the present low energy measurements have been compared with the 
earlier calculation. However, the earlier one-state model is inappropriate at energies 
close to and above the threshold for excitation of the a3n  electronic state and the 
more recent theory was used in these cases, in conjunction with an adiabatic nuclei 
approach. Overall the theory shows good agreement with the present experimental 
data at energies within and above the 2n  resonance for both elastic and inelastic 
scattering. There is no other available theory for vibrational excitation of CO.
The other theory available for comparison below 10 eV, that of Jain and Norcross 
(1992) demonstrates good agreement with the present experimental results, repro­
ducing forward angle behaviour in shape, if not in magnitude. The theory of Onda 
and Truhlar (1980) is higher in magnitude than the present data at most angles at 
10 eV.
6.5 Regularities in low energy electron diatomic molecule 
scattering
A series of measurements of low energy electron scattering from diatomic species, 
have been carried out in this laboratory over recent years. These were studies of 
NO (Mojarrabi et al. 1995), N2 (Sun et al. 1995), 0 2 (Sullivan et al. 1995) and the 
present work in CO. These measurements show clear regularities in the scattering 
from these molecules.
All these molecules have a low energy shape resonance which significantly enhances 
the vibrational scattering in the low energy region, indeed vibrational scattering is 
almost non-existent outside the regions of these resonances, as shown in figure 6.15 
for CO and figure 6.19(b) for N2. In the case of nitrogen, which has no permanent 
dipole moment, the excitation is resonance driven.
The nature of the low energy resonance, particularly the lifetime, appears in the 
scattering cross section. For example in N2 the resonance is short lived, on the order 
of the vibrational lifetime (table 6.3), resulting in a strong, broad scattering fea­
ture around 2-4 eV, the quasi-vibrational structures of which move about in energy 
depending on the exit channel and scattering angle. CO has a slightly shorter life­
time, resulting in a quasi-vibrational structure not as pronounced as that of N2 and 
without as much movement in the energy of the structures (figures 6.14 and 6.15). 
In 0 2 the first four vibrational states of the negative ion are stable, with a lifetime 
on the order of 10-12 s. In this case the quasi-vibrational structures are sharp, long 
lived and do not move about in energy depending on the exit channel or scattering 
angle.
Further similarities in the cross sections of these molecules exist above the low en­
ergy resonance but below about 10 eV. They pass smoothly from a cross section
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Figure 6.19: Energy dependence of the differential cross section for electron 
scattering from nitrogen at a scattering angle of 60°. (a) elastic excitation 
function and (b) vibrational excitation ( v  =  0-1). Results of Sun et al. (1995): 
• excitation function, o angular DCS measurements,------theory.
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Figure 6.20: Similarities in elastic electron scattering from diatomic molecules 
above their low energy resonances, (a) CO at o 3.0, o 5.0 eV, • 6.0 eV, A 7.5 
eV, data from present study, (b) N2 at o 4.0 eV, o 6.0, • 7.0, and A 10 eV, 
data of Sun et al. (1995). (c) NO at o 3.0, o 5.0, • 7.5, and A 10 eV, data 
of Mojarrabi et al. (1995). (d) O2 at o 3.0, o 5.0, • 7.0, and A 9.0 eV, data 
of Sullivan et al. (1995).
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Figure 6.21: (a) Absolute DCS for elastic scattering from N2 at 7 eV, data 
of Sun et al., o experimental D C S,------ theory, (b) Comparison of the dif­
ferential cross section for • CO, present study and o N2 , Sun et al. at 10 
eV.
which decreases with decreasing angle through a plateau region to one which is “for­
ward peaked” (figure 6.20). This behaviour appears in all the molecules studied, 
despite their structural differences. Nitrogen is a closed shell molecule, as is CO, 
which, along with NO is weakly polar, while oxygen and NO are open shell.
To reproduce this forward angle behaviour in theoretical calculations for N2, Sun 
et al. required large numbers of partial waves for each scattering symmetry (fig­
ure 6.21(a)). This indicates the feature is sensitive to the long range interaction 
between electron and molecule. These molecules, despite their differences, have 
similar dipole polarisabilities (see table 6.3). The similar behaviour may be at­
tributed to these similar polarisabilities. Further, Jain and Norcross also predict 
similar forward angle behaviour for CO at 5 eV (figure 6.7(a)). They report the 
inclusion of long-range polarisation of the target as well as short-range effects in 
their calculations, via a parameter-free correlation-polarisation potential which is a 
function of target charge density and known molecular polarisabilities. The present 
R-matrix theory, which lacks polarisation effects, fails to reproduce this behaviour.
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A final comparison of the similar scattering from these molecules is made in fig­
ure 6.21(b), where the elastic electron scattering from CO and N2 at 10 eV is 
presented. The shape of the two cross sections is almost identical, as one might 
expect for isoelectronic molecules, however the influence of the permanent dipole 
moment of CO is evident in the increased scattering at forward angles.
6.6 Conclusion
This experimental investigation of low energy elastic electron scattering and vibra­
tional excitation of CO provides a substantial body of absolute scattering data, over 
a wide range of incident energies. This can be critically compared against the present 
/^-matrix calculations and with previous measurements and theory, particularly at 
energies in and around the 2II resonance. These comparisons clearly indicate the 
need for additional theoretical studies at an ab initio level for both elastic scattering 
and v =  0-1 vibrational excitation at energies below about 1.5 eV. Furthermore the 
interesting forward angle behaviour of the elastic DCS for incident energies between 
2.5 and 7.5 eV could benefit from further theoretical clarification.
The present integral cross section for the v — 0-1 excitation fills an important gap 
in the literature. This is particularly true for studies such as that by Liu and Victor 
(1994) who attempted to model electron energy deposition in CO gas, but who 
experienced difficulties due to the limited availability of experimental total cross 
section data.
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CHAPTER 7
Carbon Dioxide
7.1 Introduction
Carbon dioxide is an important molecule. Technologically, it plays a role in gas- 
discharge based devices such as the CO2 -N2 laser. Environmentally, it is a critical 
constituent of our atmosphere. Despite this, there were essentially no contemporary 
measurements of absolute elastic electron scattering cross sections for CO2 at ener­
gies below about 5 eV when this series of measurements began. This energy range 
includes the region of influence of the strong 2n  shape resonance centred at around 
3.8 eV. Similarly there are very few theoretical investigations of electron scattering 
from this molecule (Buckman and Brunger 1997).
Previous crossed-beam experimental studies of low energy (< 10 eV) elastic scat­
tering of electrons from CO2 include the relative angular distribution measure­
ments of Shyn et al. (1978), the absolute differential cross section (DCS) and 
integral cross section (ICS) measurements of Register et al. (1980a), the low en­
ergy DCS of Kochern et al. (1985), the intermediate energy DCS of Kanik et al. 
(1989) and the elastic and vibrational excitation function measurements of John­
stone et al. (1993). While the present measurements were being performed Tanaka 
et al. (1998) presented DCS and ICS studies. There have also been a number of 
electron-swarm-based measurements of the momentum transfer cross section (Lowke 
et al. 1973, Nakamura 1995). In general, the level of overlap between the crossed- 
beam experiments in terms of the incident energies studied is relatively small and, 
where it exists, the agreement between the measured cross sections is marginal.
There has been even less theoretical investigation of this molecule. Morrison et al. 
(1977) performed the first close-coupling calculations and only recently have other 
close-coupling calculations followed these (Takekawa and Itikawa 1996, Gianturco 
and Stoecklin 1996, 1997 and Lee et al. 1998). These most recent studies have 
used model local exchange and polarisation potentials in the fixed nuclei expansion 
with a multicentred wavefunction (Takekawa and Itikawa), ab-initio static exchange 
plus polarisation methods with a single centre expansion (Gianturco and Stoecklin) 
and the Schwinger multi-channel approach at the static exchange level (Lee et al.). 
Recent R-matrix calculations by Morgan (1998) overestimate the energy of the 2n
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resonance feature in the integral cross section and will not be discussed further in 
this chapter.
The present measurements were undertaken to specifically address the need for 
contemporary absolute scattering cross section measurements for CO2 at low inci­
dent electron energies. The work was a joint program of measurements with the 
experimental group at Flinders University, with the ANU spectrometer measuring 
scattering cross sections from 1.0 to 10 eV and the Flinders spectrometer measuring 
cross sections from 10 to 50 eV (Gibson et al. 1999).
Absolute differential (10°-130°) cross sections for low energy (1-10 eV) electron 
scattering from carbon dioxide were measured. The experimental apparatus and 
techniques for the present measurements were described in chapter 3, however pro­
cedures specific to CO2 are further described in section 7.2.
7.2 Techniques for carbon dioxide measurements
The apparatus was operated according to the procedures described in chapter 3. 
Initially, measurements of the relative flowrates for CO2 and helium were made. 
The hard sphere diameters (cr) used for these species were crHe = 2.551 k  and crCo2 
= 3.941 Ä (Reid et al. 1987). The problems associated with the choice of hard 
sphere diameters are discussed in section 3.3.4. These values result in an ideal ra­
tio for the driving pressure of Pco2 =  0.42 P#e- The helium driving pressure was 
held at 1.0 torr. The normalised flowrates for both gases as a function of driving 
pressure have been shown in figure 3.11. Also shown are linear fits to the flowrate 
data. These are used in the analysis of the data to generate flowrates for any given 
measured driving pressure.
Initially there was a substantial time dependence for measured CO2 flowrates. This 
unusual behaviour, not previously seen for any gas studied in the course of this 
project, persisted for several days. This has been tentatively attributed to passiva­
tion of the surfaces of the gas handling systems. Such passivation is not expected 
for baked, UHV compatible materials since CO2 has no mechanism for attaching 
to the apparatus walls, unlike H20  with it’s “dangling” hydrogen bond structure. 
After this initial passivation period no further problems were experienced.
As mentioned in section 3.3.5, it is important to calibrate the energy of the appara­
tus as close as possible to the energies of interest. Low energy (~ 2 eV) calibration 
was made against the second quasi-vibrational peak of the N2 shape resonance and 
high energy (~ 20 eV) calibration was made against the He-  resonance as described 
in section 3.3.5. The overall energy resolution of the apparatus during the course 
of these measurements was typically 50 meV. Figure 7.1 is an example of an energy 
loss spectrum taken on the ANU spectrometer.
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Figure 7.1: Electron scattering from CO2 as a function of energy loss at a 
scattering angle of 60° and an incident electron energy of 4.0 eV. The position 
of excited vibrational quanta are indicated on the figure.
The Flinders University spectrometer is based around conventional electrostatic 
hemispherical analysers and electron optics. It has been described in detail previ­
ously (Brunger and Teubner 1990). The apparatus uses the relative flow technique 
to normalise the measured relative angular distributions, however there are small 
differences in the application of the technique between the two laboratories. The 
Flinders apparatus uses a single capillary of 0.6 mm diameter and 40 mm long 
to form the molecular beam as opposed to the multicapillary array of the present 
apparatus (section 3.2.4). Interestingly the Flinders group also found initial time 
dependence problems with their relative flow measurements for CO2 (Brunger 1998).
7.3 Experimental results
Absolute differential cross sections for elastic scattering from CO2 at 11 energies 
between 1 and 10 eV are presented in table 7.1. Integral cross sections were calcu­
lated by extrapolating the measured DCS according to the procedure discussed in 
section 3.4.1.
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Figure 7.2: Absolute DCS for elastic scattering from CO at (a) 1.0 eV, (b)
2.0 eV. (a) • Present results, o Kochern et al. at 1.05 eV, ------ Lee et al.,
------ Gianturco and Stoecklin. (b) • Present results, o Tanaka et a l.,------- Lee
et a l . ,-------Takekawa and Itikawa,------- Gianturco and Stoecklin.
In figure 7.2(a) the lowest energy measurement in the present study, the elastic 
DCS at 1.0 eV is shown. These are compared with the elastic DCS of Kochern 
et al. (1985) at 1.05 eV. Agreement between the two cross sections is reasonable, 
just within combined experimental errors. A possible explanation of the differences 
is that there is a slight angular discrepancy between the two the cross sections. The 
DCS is increasing rapidly with decreasing scattering angle, an unexpected trend 
given the lack of any permanent dipole interaction in CO2 . The molecule has a 
reasonably large quadrupole moment, but this would not be expected to lead to 
strong forward scattering. Two calculations are available for comparison at this 
energy, those of Gianturco and Stoecklin (1996) and Lee et al. (1998), and neither 
bear much resemblance to the experiment. Gianturco and Stoecklin have also cal­
culated the DCS with an increased number of symmetries included (6 symmetries 
as opposed to 4 symmetries, not shown in the figure). This does not, however, 
improve the level of agreement. Lee et al. have allowed for vibrationally induced 
dipole effects and used a new polarising orbital scheme.
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Figure 7.3: Absolute DCS for elastic scattering from CO2 at (a) 3.0 eV, (b)
3.8 eV. (a) • Present results, o Tanaka et al., A Shyn et a l . ,------ Lee et al.,
-------Takekawa and Itikawa,------- Gianturco and Stoecklin. (b) • Present
results, o Tanaka et al., A Shyn et a l . ,------ Lee et a l . ,------- Gianturco and
Stoecklin.
The elastic DCS at an incident energy of 2 eV is shown in figure 7.2(b). The 
very recent measurements of Tanaka et al. (1998) are available for comparison at 
this energy. There are some differences in absolute magnitude between the two 
measurements, for example about 30% at backward scattering angles, however, the 
general trends observed in the DCS are similar. In particular the sharp increase 
in the DCS at forward angles is evident in both measurements. Three calculations 
are also shown at this energy. The single-centre-expansion calculation of Gianturco 
and Stoecklin shows slightly better agreement with experiment than at 1 eV, whilst 
the calculation of Takekawa and Itikawa (1996) is in good accord with experiment 
at forward angles but shows little similarity for angles larger than about 30°. In 
particular this calculation predicts a shallow minimum in the DCS at 40° which is 
not observed in either experimental cross section. Finally the calculation of Lee et 
al. shows reasonable agreement with experiment at angles greater than 60°, par­
ticularly that of Tanaka et al. However, it also fails to predict the forward angle 
behaviour correctly.
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At 3 eV (figure 7.3(a)), the present data is once again slightly lower (20-30%) than 
that of Tanaka et al. across the entire angular range. This may be indicative of a 
normalisation difference between the two data sets. The agreement in the shape 
of the DCS is excellent with both experiments indicating a step-like rise in the 
cross section at backward angles. At this energy there is an additional experimental 
measurement by Shyn et al. (1978) with which to compare. Their measurement 
is a relative angular distribution and has been normalised to the present data at 
a scattering angle of 90°. The resulting comparison at other angles shows a good 
level of agreement in the shape of the two DCS. The calculations of Gianturco and 
Stoecklin and Takekawa and Itikawa again show little resemblance in shape to the 
experimental DCS, although at forward angles the former is in better agreement 
at this energy than at the lower energies. The calculation of Lee et al. also bears 
little resemblance to the experimental DCS. The next measurement, at an energy 
corresponding to the peak of the low energy shape resonance at 3.8 eV, is shown 
in figure 7.3(b). A similar trend is observed within the experimental data sets. 
The present data, in general, lies below that of Tanaka et al. However, this is not 
true across the whole angular range, indicating some differences in shape between 
the two DCS. The present data agrees well with the shape of the normalised cross 
section of Shyn et al. The theoretical calculations of Gianturco and Stoecklin and 
Lee et al. both show a cross section which is considerably larger in magnitude than 
all the experiments and which exhibit strong minima at mid-angles which are not 
observed in any of the experimental DCS.
At 4.0 eV (figure 7.4(a)), the results are similar to those at 3.8 eV. At this energy 
more experimental and theoretical results are available for comparison. Once again 
the level of agreement with the recent data of Tanaka et al. is mixed. At forward 
angles (~ 50°) the two DCS are in excellent agreement. At larger angles there are 
again differences of the order of 20-30%, with the present cross section lying below 
that of Tanaka et al. This energy also represents the lowest of a series of absolute 
DCS measurements by Register et al. (1980a). For scattering angles above 100° 
the agreement is very good, whilst at lower scattering angles their cross section 
lies above both the present data and that of Tanaka et al. by up to 40%. Again 
agreement with the relative DCS of Shyn et al. is good. Four theoretical curves 
are shown at this energy, the calculations of Morrison et al. (1977), Gianturco and 
Stoecklin, Takekawa and Itikawa and Lee et al. The best agreement with the ex­
perimental data is shown by the calculation of Lee et al., although none of the 
calculations provide an appropriate description of the experimental DCS across the 
full angular range. At 4.5 eV (figure 7.4(b)) the present DCS measurement is shown 
in comparison with the calculation of Gianturco and Stoecklin. Once again there 
are serious discrepancies between theory and experiment. Note also the apparently 
rapid development of a different shape at forward angles in the experimental DCS. 
The magnitude of the low angle cross section has dropped substantially from that 
at 4 eV and a slight shoulder appears to be developing in the DCS at angles below 
about 60°.
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Figure 7.4: Absolute DCS for elastic scattering from CO2 at (a) 4.0 eV, (b) 
4.5 eV. (a) • Present results, o Tanaka et al., □  Register et al., A Shyn et al.,
------ Lee et a l . ,-------- Takekawa and Itikawa,------- Gianturco and Stoecklin,
--------Morrison et al. (b) • Present results,-------- Gianturco and Stoecklin.
At an energy of 5 eV (figure 7.5(a)) clear differences emerge between the present 
measurements and the data of Tanaka et al. The most obvious of these is the 
behaviour of the DCS at scattering angles less than about 60° where the present 
data shows a shoulder or shallow minimum at around 30°-40° followed by a rise 
at forward angles. On the other hand the DCS of Tanaka et al. shows a peak in 
the DCS at 60° and a cross section which decreases substantially to their lowest 
measurement angle of 20°. In addition the magnitude of the two DCS at 60° differ 
by about 40% and, with the exception of the 20° data, the DCS of Tanaka et al. is 
once again larger than the present at all other angles. On the other hand the DCS 
of Shyn et al., normalised to the present data at 90°, shows no structure at all 
in the forward direction, their cross section increasing steadily between 110° and 
30°. Unfortunately, none of the three calculations available for comparison at this 
energy (Lee et al, Takekawa and Itikawa and Gianturco and Stoecklin) can provide 
any guidance in this region as no calculation indicates the decrease in the cross 
section at small angles. In an attempt to resolve these differences, the experimental 
group at Flinders University extended their investigation of the DCS for electron 
scattering from CO2 to 5 eV.
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Figure 7.5: Absolute DCS for elastic scattering from CO2 at (a) 5.0 eV, (b) 
5.5 eV. (a) • Present results, x Flinders results, o Tanaka et al., +  Tanaka,
A Shyn et a l. ,------ Lee et a l . ,-------- Takekawa and Itikawa,------- Gianturco
and Stoecklin. (b) • Present results,------ Gianturco and Stoecklin.
The data from the Flinders spectrometer is in excellent agreement with the present 
data over the common angular range of 20-90°. In the light of these developments 
Tanaka and colleagues (Tanaka 1998) repeated their CO2 measurement at 5 eV. 
This new measurement is also shown in figure 7.5(a). The level of agreement with 
the present data is improved, however the results remain outside the combined er­
rors of the experiments. A discrepancy in energy between the two experiments was 
considered, and in the present work the cross section was measured at half volt 
intervals between 4 and 6 eV in an effort to reproduce the forward angle behaviour 
of the Tanaka et al. measurements. This behaviour could not be reproduced by the 
present experiment in this energy range.
At 5.5 eV (figure 7.5(b)) the present data illustrates that the forward angle mini­
mum has become a little deeper. The calculation of Gianturco and Stoecklin does 
not reproduce the shape or magnitude of the present data.
At 6 eV (figure 7.6(a)), the present data is compared with that of Tanaka et al. and
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Figure 7.6: Absolute DCS for elastic scattering from CO2 at (a) 6.0 eV, (b)
7.0 eV. (a) • Present results,------ Lee et a l . ,------- Gianturco and Stoecklin.
(b) • Present results, o Tanaka et al., A Shyn et al.
the comparison shows similar differences to those seen at 5 eV. At angles between 80- 
130° there is a nearly constant difference of around 30% between the two DCS with 
the present lying lower in magnitude. Below 80°, the differences increase markedly 
and once again there is a disparity in shape between the two DCS below about 60°. 
The minimum observed in the present DCS appears to be becoming shallower with 
increasing energy. The two theoretical curves available for comparison do not rep­
resent the experimental differential cross section well, although that of Lee et al. is 
beginning to make progress in representing the shape of the DCS at mid-angles. 
At 7.0 eV (figure 7.6(b)), the minimum at forward angles in the present DCS has 
essentially disappeared but has appeared in the DCS of Tanaka et al. at an angle 
of 30°. At larger angles, the discrepancy in absolute magnitude between the two 
DCS, noted previously, still persists and there remains a substantial difference be­
tween the two cross sections at an angle of 50°, where Tanaka et al. find a maximum.
Figure 7.7 show the present data for an incident energy of 10 eV. For scattering 
angles greater than 60° the agreement between the present and Flinders data is 
again very good. However, for angles less than 60°, this agreement is not as im­
pressive as that found earlier at 5 eV. Indeed the extent of the discrepancy between
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Figure 7.7: Absolute DCS for elastic scattering from CO2 at 10 eV. • Present 
results, x Flinders results, o Tanaka et al., □  Register et al., A Shyn et al.,
------ Lee et a l . ,-------- Takekawa and Itikawa, — — Gianturco and Stoecklin,
--------Morrison et al.
the magnitude of the Flinders and ANU results is typically of the order of 22%. 
This is just outside their combined error limits and it may indicate a systematic 
uncertainty in the use of the relative flow technique in either or both of the experi­
ments. This further emphasises the extent of the experimental difficulty in meeting 
all the criteria for the proper application of the relative flow procedure (Buckman 
et al. 1997). Both the present and Flinders DCS tend to be somewhat lower in 
magnitude than the previous experimental results of Register et al. and Tanaka et 
al. Nonetheless, to within their combined experimental uncertainties, the Flinders 
data and that of both Register et al. and Tanaka et al. are in fair accord over the 
common angular range of measurement. Also shown is the relative measurement 
of Shyn et al. which has been normalised to the present data at a scattering angle 
of 90°. The best agreement between these experiments and theory is probably pro­
vided by the Schwinger variational calculation of Lee et al. This calculation is in 
good agreement with the DCS of Register et al. and Tanaka et al. over most of the 
angular range but lies higher than the present measurements. The early calculation 
of Morrison et al. is also shown and it agrees well with the present data at forward
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Figure 7.8: Integral elastic scattering cross section (Ä2) for CO2 . • Present 
data, o Tanaka et al., □ Register et al., A Shyn et al., o Ferch et ah,
■ Buckman et al., ▼ Szmytkowski et al., A Hoffman et a l . ,------Lee et al.,
-------Takekawa and Itikawa,-------- Morrison et al.
angles, but indicates two shallow minima in the DCS at angles near 60° and 120° 
which are not observed in any of the experiments. The result of the single-centre 
expansion, body-fixed approach of Gianturco and Stoecklin is in reasonable agree­
ment with the data of Register et al. and Tanaka et al. for scattering angles less 
than 80°. It also, however, displays structure at larger angles that is not observed 
experimentally. The calculation of Takekawa and Itikawa, as reported in Tanaka et 
al., is in poor agreement with all of the experimental DCS.
7.3.1 Integral cross sections
The integral elastic cross section derived from the present DCS is shown in figure 7.8 
along with other measurements and calculations, including those for total scattering 
cross sections. The present measurements are in reasonably good agreement with 
those of Tanaka et al. although, as may be expected from the comparisons at the 
DCS level, the present results are lower in magnitude over most of the energy range.
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The agreement between the present data and that of Register et al. is clearly good 
over the common energy range. As expected these elastic integral cross sections 
lie below the total scattering cross sections of Buckman et al. (1987), Ferch et al. 
(1989), Szmytkowski et al. (1987) and Hoffman et al. (1982), particularly in the 
region of the shape resonance, indicating that much of the total cross section in this 
energy region is due to rotational and vibrational excitation. Another total cross 
section measurement, that of Sueoka and Mori (1984) is not shown in the figure. It 
has a magnitude a little lower than that of Ferch et al. in the region of the resonance. 
The Schwinger calculation of Lee et al. agrees well with the present experiment at 
energies below the resonance, indicating once again how comparisons at the integral 
cross section level can be misleading. Both the Schwinger calculation and that of 
Morrison et al. find the resonance at the correct energy but overestimate the con­
tribution it makes to the cross section. The calculation of Takekawa and Itikawa
(1996) does not reproduce the resonance behaviour or the general energy depen­
dence exhibited in the experimental cross sections. Another calculation of the total 
cross section is that of Lynch et al. (1979). Although not shown in figure 7.8, it 
finds essentially the same energy dependence as the total cross section of Morrison 
et al. with a slightly higher magnitude at all energies and with the position of the 
resonance at a slightly lower energy.
The elastic momentum transfer cross section is shown in figure 7.9. The same con­
clusions may be drawn for comparisons of the various momentum transfer cross 
sections as were drawn for integral elastic cross sections. In addition, two swarm- 
derived cross sections, those of Lowke et al. (1973) and Nakamura (1995), can 
be compared with the present data. The cross section of Lowke et al. is a total 
momentum transfer cross section (i.e. it includes elastic, rotational and vibrational 
excitation) and, as expected, it is considerably larger in magnitude than the present 
experimental result. The Nakamura cross section is an elastic momentum transfer 
cross section and it is in good agreement with the present cross section. Not shown 
in figure 7.9 is another swarm-derived cross section, that of Palladino and Sadoulet 
(1975), and a calculated momentum transfer cross section, that of Alvarez-Pol et al.
(1997) . These are both in reasonable agreement with the total momentum transfer 
cross section of Lowke et al.
7.4 Discussion
Comparison with the most recent experimental determination of the differential 
cross section, that of Tanaka et al. (1998), reveals differences with the present data 
in both the shape and magnitude of the cross sections over the entire energy range 
which cannot be explained by a simple difference in the application of the relative 
flow technique. While this may be a tempting explanation at low energies (2.0 and 
3.0 eV) where the shapes of the cross sections are the same, in the resonance region 
(3.8 and 4.0 eV) there is substantial overlap in the forward angles, suggesting a real
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Figure 7.9: Elastic momentum transfer cross section (Ä2) for CO2 . • Present
data, o Tanaka et al., □ Register et al., A Shyn et a l . , ------Nakamura,
------Lowke et a l.,-------Lee et a l . ,-------- Morrison et al.
difference in the shape of the angular distributions. From 5 eV up the differences 
in the forward angle shape of the cross sections is substantial and the magnitude of 
the Tanaka et al. cross sections at backward angles is, in general, larger than that 
of the present data. At 10 eV, however, there is substantial overlap in the back­
ward angles, again implying a different shape for the DCS. Moreover, while there is 
excellent agreement between the Flinders data and the present data at 5 eV, there 
is a difference at forward angles at 10 eV.
There are two other absolute differential cross section measurements with which 
the present data are compared, those of Kochern et al. (1985) and Register et al. 
(1980a). At 1.05 eV, the only energy overlap between the present data and the data 
of Kochern et al. there is reasonable agreement. A shift in angle of approximately 5° 
would, however, bring the two DCS into excellent agreement. The data of Register 
et al. is available for comparison with the present data at 4.0 and 10.0 eV. At both 
energies their DCS agrees with the present data at backward angles. For forward 
angles, at 10.0 eV their data agrees well with the data of Tanaka et al., however, 
at 4.0 eV the Register et al. data is substantially higher than both the present data
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and that of Tanaka et al. The relative DCS of Shyn et al. (1978) agrees very well 
in shape with the present data at energies within the resonance region and below. 
At 5.0 and 7.0 the Shyn et al. (1978) distributions display no forward angle struc­
ture and, when normalised at 90°, a higher “magnitude” than the present data at 
backward angles. At 7.0 and 10.0 eV the Shyn et al. distributions agree better in 
shape with the data of Tanaka et al.
In general the agreement with other absolute experimental differential cross sections 
is both poor and disappointing. After demonstrating the good agreement between 
theory and experiment for heavier atoms (argon and xenon) and a diatomic molecule 
(CO), it is disappointing to see such large differences in recently determined scatter­
ing cross sections for this simple triatomic molecule. This demonstrates, however, 
the need for both more theoretical work and an investigation of the various differen­
tial cross section experiments and their normalisation techniques in order to explain 
these discrepancies.
The level of agreement of the theoretical calculations with all the experimental data 
indicates the need for more investigations. At the lowest energy studied in this 
work, 1.0 eV, the theoretical curves appear essentially orthogonal to the experimen­
tal data. Some mechanism needs to be postulated to explain the forward peaking 
of the experimental data in the face of no permanent dipole moment for C 02.
The decrease in the DCS at small scattering angles accompanied by the forma­
tion of a shallow minimum at energies above the resonance but below 10.0 eV, 
has now been observed in several molecular scattering cross sections (section 6.5). 
The species include diatomic and polyatomic, polar and non-polar, homonuclear 
and heteronuclear molecules, and it may provide an interesting test bed for theory 
(Buckman et al. 1998, Gibson et al. 1995)
The Schwinger variational calculation of Lee et al. (1998) is in reasonable agreement 
with the experiments at 10.0 eV, however the agreement decreases with decreasing 
energy. The calculations of both Lee et al. and Gianturco and Stoecklin (1996) dis­
play strong d-wave characteristics in the region of the 2II resonance which are not 
demonstrated in the experimental differential cross sections. As for the calculation 
of Lee et al., the calculation of Gianturco and Stoecklin is in reasonable agreement 
with the experiment at 10.0 eV but their agreement with experiments is not good 
at lower energies.
The calculations of Takekawa and Itikawa (1996) are generally in poor agreement 
with the experimental data across the entire energy range, overestimating the ex­
perimental magnitude at all energies. This calculation does, however, display low 
energy forward peaking of the differential cross section at 2.0 eV. The early calcula­
tion of Morrison et al. (1977) is also in reasonable agreement with the experiments 
at 10.0 eV. The calculation, however, displays more structure than the experiments 
both at this energy and at 4.0 eV, where the magnitude is overestimated at almost
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all angles, giving the calculated DCS a “narrower” shape than the experimental 
DCS.
7.5 Conclusion
Differential cross sections for elastic electron scattering from CO2 over a range of 
incident electron energies, 1-10 eV have been measured. The prime motivation for 
this work was to provide a set of cross sections at energies below 5 eV where there 
was, at the time these measurements commenced, little data for this important 
molecule. The recent measurements by Tanaka et al. (1998) alleviated this prob­
lem to some extent and the present results largely confirm and extend their results. 
However, there are differences between the present experimental results and the 
work of Tanaka et al. which lie outside the combined experimental uncertainties on 
the measurements. The general trend which is observed is that there is reasonable 
agreement in shape between the two DCS at most energies with the present data 
invariably lying below that of Tanaka et al. The exception to this is at energies 
around 5 eV where quite different behaviour is observed, particularly at forward 
angles, in the DCS. The new results from Tanaka and colleagues (Tanaka 1998) at 
5 eV appear closer to the experimental shape of the present data than their original 
data (Tanaka et al. 1998).
Notwithstanding the differences between experiments, the most important aspect 
to emerge from the work of Tanaka et al. and the present investigation, where more 
extensive comparisons with contemporary theory are provided, is the poor level 
of agreement which exists between theory and experiment at energies below 10 eV. 
None of the three recent calculations provide a good description of the experimental 
results at energies below the resonance and whilst the situation improves marginally 
with increasing energy, it is only barely satisfactory at an energy of 10 eV. There is 
a clear need for further theoretical work.
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CHAPTER 8
Concluding remarks
The investigations of low energy electron scattering from argon and xenon indicate 
that recent experimental and theoretical investigations of electron scattering from 
rare gas atoms are in good agreement. This is so even for xenon where there are still 
small discrepancies between experiments. This agreement has not, however, reached 
the stage where these species can be used for secondary standards for the relative 
flow technique. A method of extracting relativistic information from an experiment 
performed with unpolarised electrons has been demonstrated. This method takes 
advantage of the particular circumstances of electron-xenon scattering in the region 
of the Ramsauer-Townsend minima, however, it may be extendable to other heavy 
atoms (e.g. krypton and possibly mercury).
Experimental investigations of electron scattering from CO seem in good accord 
where there is data for comparison. Theoretical investigations, however, have some 
way to travel before they reach the levels of agreement found between theory and 
experiment for atomic species. Investigations of CO2 have found discrepancies be­
tween the most recent experimental studies. Simple explanations of differences in 
application of the normalisation technique to explain away differences in magni­
tude are clearly inadequate in the face of differences in the shape of the angular 
distributions. This demonstrates the need for more work to completely understand 
differential cross section experiments and their normalisation techniques in order to 
explain these discrepancies. Clearly more theoretical work is needed on electron- 
triatomic molecule scattering. Electron-molecule scattering calculations are difficult 
and time consuming, despite access to large computers. Theoretical guidance in ex­
plaining the forward peaking of the low energy cross section in C 02 and the forward 
angle behaviour of many diatomic and triatomic molecules in the energy range be­
tween their low energy temporary negative ion resonances and about 10 eV would 
be welcome.
8.1 Future apparatus development
The electron spectrometer used in these investigations has been continuously im­
proved since it was constructed in 1986. Several improvements are planned for the
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future, time and budgetary constraints permitting.
In order to achieve better current stability in the incident electron beam it is planned 
to differentially pump the electron monochromator. This will reduce the exposure 
of the thoriated tungsten filament to target species, particularly those which are 
reactive.
Another planned modification to the apparatus will use the vapour pressure of liquid 
reservoirs to form target beams. Many substances liquid at room temperature have 
substantial vapour pressures. There is a need for experimental differential scatter­
ing cross sections for many such species. For example, at the time of writing there 
are no absolute DCS for electron scattering from benzene, the simplest aromatic 
hydrocarbon and of great interest to theorists.
Another important improvement in the spectrometer is the installation of a vari­
able magnetic field about interaction region in order to access backward scattering 
angles. Inspired by the work of Read and co-workers (Zubek et al. 1996, Read 
and Channing 1996), described in section 4.6, K. W. Trantham designed and, with 
L. Uhlmann, tested, a magnetic interaction region to deflect the incident electron 
beam through 90°, allowing access to backward scattering angles. A second genera­
tion magnetic interaction region, by K. W. Trantham and C. J. Dedman (Uhlmann 
et al. 1998, Trantham et al. 1997) was installed in the crossed-beam apparatus at 
the conclusion of scattering measurements from CO2 . Details of the magnetic de­
flector will be published in the future, however, a brief description follows.
Read and Channing added a localised magnetic field in the target region of a conven­
tional spectrometer to “rotate” the scattering plane. This was achieved by “bend­
ing” the incident electron beam through angles of up to 90° in the scattering plane. 
This effectively changes the angle of the elastically scattered electron by the same 
amount, allowing access to the backward angles with a conventional spectrometer. 
To achieve this “rotation” the magnetic field required particular properties. These 
were firstly, that deflected electrons remained in the scattering plane and reached 
the interaction region, and secondly that the field be negligible in the region of the 
energy selector and analyser. Read and Channing used an arrangement of open coils 
to achieve these effects, which required careful matching of the ratios of currents 
in these coils. The design of Trantham and Dedman uses permeable magnetic pole 
pieces with inner and outer coils designed to minimise the stray fields. The design 
is based on a “magnetic circuit” such that the outer surfaces of the pole pieces are 
at the same magnetic “potential” . The device thus reduces stray fields and, since 
it is self shielding, is forgiving of failure to achieve optimum current ratios for zero 
stray flux. The operation of the monochromator has been shown to be completely 
insensitive to gross changes in the ratio of inner to outer coil current.
The results of preliminary testing of the operation of the magnetic deflection region 
are shown in figure 8.1. The excitation functions of helium (elastic) and nitrogen
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Figure 8.1: Results of preliminary testing of the operation of the magnetic 
deflection interaction region, (a) Elastic excitation function of helium, (b) 
Elastic excitation function of nitrogen, (c) Vibrational (z^ —0—1) excitation 
function of nitrogen, (d) Absolute elastic differential cross section for electron
scattering from CO2 at 2.0 eV, • Present results, ------  Lee et al. (1998),
-------Takekawa and Itikawa (1996),--------Gianturco and Stoecklin (1996).
(e) Absolute elastic differential cross section for electron scattering from CO2
at 10.0 eV, • Present results, ------  Lee et al. (1998),------- Takekawa and
Itikawa (1996),------ Gianturco and Stoecklin (1996),--------- Morrison et al.
(1977)
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(elastic and vibrational) in the regions of their temporary negative ion resonances 
are shown in figure 8.1(a), (b) and (c) respectively at various scattering angles, while 
differential cross section measurements for elastic scattering of electrons from CO2 
at 2 eV and 10 eV, including backward angle measurements, are shown in figure 8.1 
(d) and (e). These initial results are encouraging.
In the future operation of the spectrometer with the magnetic field in place may be 
used to re-measure fundamental cross sections, such as the differential cross section 
for electron scattering from helium, with a view to phaseshift analysis of the angular 
distribution. This will provide a check on the theoretical cross sections currently 
used for normalisation during the relative flow procedure. Moreover, as mentioned 
in section 4.6, backward angle measurements will allow discrimination between the­
oretical approaches where currently the experimental DCS are well represented by 
theoretical curves in the central angles, e.g. in argon.
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energies
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Abstract. Absolute differential (12°-130c) cross sections for low energy (1-10 eV) electron 
scattering from argon have been measured on two separate and different spectrometers using 
the relative flow technique. The data have also been analysed using phaseshift techniques. 
Comparisons are made between the present cross sections and phaseshifts and similar data 
from previous experiments and theory. The results are particularly encouraging, with recent 
experiments and scattering theories being in good general agreement.
1. Introduction
Although the noble gases are among the most often studied systems in low energy electron- 
atom collision experiments and the subject of extensive theoretical investigation, only helium 
(e.g. Register et al 1980, Brunger et al 1992, Fursa and Bray 1995) and neon (Shi and 
Burrow 1992, Gulley et al 1994) are regarded as systems for which the elastic differential 
cross sections are well established in that recent experimental and theoretical studies result 
in cross sections which agree to within ±5% over a wide range of incident energies and 
scattering angles.
Electron scattering from argon is a case in point. At energies of 10 eV and below, 
despite several recent experiments (Williams 1979, Srivastava et al 1981, Zhou Qing et al 
1982, Weyhreter et al 1988, Fürst et al 1989) and extensive recent theoretical investigation 
(Berg 1983, Fon et al 1983, Kemper et al 1983, McEachran and Stauffer 1983, Bell et al 
1984, Dasgupta and Bhatia 1985, Bloor and Sherrod 1986, Haberland et al 1986, Yousif and 
Matthew 1986, Nahar and Wadehra 1987, Sienkiewicz and Baylis 1987, Saha 1991, 1993b, 
1995, Mimnagh et al 1993, McEachran and Stauffer 1996) the experimentally determined 
cross sections, whilst agreeing reasonably well with each other, do not agree with any of 
the theoretical calculations to within ±5% over the whole energy and angular range. The 
main goal of the present work is to provide some further accurate absolute cross sections 
in the low energy region for comparison and to closely investigate these discrepancies in 
an effort to determine whether the most recent theories and experiments are converging.
As touched upon above, in the recent work by Shi and Burrow (1992) and Gulley et 
al (1994), it was suggested that neon could be used as a ‘secondary standard’ in relative 
flow experiments in order to provide a check on the operation of a crossed-beam apparatus.
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Abstract. Absolute cross sections for elastic scattering and rovibrational excitation have been 
measured with a crossed beam spectrometer and calculated, utilizing the /?-matrix formalism, 
for incident electron energies between 1.0 and 30 eV. Particular emphasis is placed on the 
comparison between experiment and theory in the region below 5 eV where the cross sections 
are enhanced by a strong 2 n  shape resonance.
1. Introduction
The understanding of the low energy electron scattering cross sections for CO has assumed 
significance in recent times because of the importance o f this molecule in our own 
atmosphere and the interstellar medium, and the role that it plays in a wide variety of gas 
discharge processes. It is also an interesting theoretical challenge in that it offers the relative 
simplicity of a reasonably small, closed shell molecule which is weakly polar and which 
is known to exhibit strong shape resonance effects at low incident energies, particularly in 
the vibrational excitation channels. In addition it is isolelectronic with N2 and a number of 
previous studies have highlighted the similarities in the shape and magnitude of the elastic 
differential cross sections (DCS) for the two gases (e.g. Nickel et al 1988, Middleton et al
1992) .
Previous experimental electron scattering work on CO is extensive although, somewhat 
surprisingly, it is characterized by a lack of recent, absolute differential cross section 
measurements at energies below about 5 eV. Previous relevant measurements which cover 
the current energy range of interest (1 -30  eV) include the relative angular distributions 
for elastic scattering and vibrational excitation of Ehrhardt et al (1968), the elastic DCS 
measurements of Tanaka et al (1978), the vibrational excitation DCS of Chutjian and Tanaka 
(1980) and Tronc et al (1980), the elastic and vibrational cross sections of Jung et al 
(1982), the rotational excitation cross sections of Sohn et al (1985) and Gote and Ehrhardt 
(1995), the elastic DCS measurements of Nickel et al (1988) and the vibrational excitation 
cross sections and elastic and electronic excitation measurements of Middleton et al (1992,
1993) . There have been a substantial number of measurements o f the grand total cross 
section in recent years but rather than list them all here we refer to the recently published
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Abstract. We demonstrate a phase-shift analysis technique for the extraction of information 
(Sherman functions) on relativistic interactions from accurate measurements of differential elastic 
scattering cross sections for xenon, using unpolarized electrons, at energies below 3 eV. Where 
possible comparison is made with previous experiments and theory, and with our own relativistic 
scattering calculations.
It has been well established that relativistic interactions can be very important in the 
scattering of electrons from heavy atomic targets, even when the impact energy is very 
low (a few eV). Indeed, these effects can be so large that they even manifest themselves 
in the integral cross sections for elastic scattering from systems such as krypton and xenon 
where, for example, recent relativistic scattering calculations show significant differences in 
the position of the Ramsauer-Townsend minima from that observed in similar calculations 
which were performed within a non-relativistic framework (McEachran and Stauffer 1987). 
These effects are usually directly probed in elastic scattering by the use of spin-polarized 
electron beams in order to determine the Sherman function (SF) which involves the 
measurement of either left-right or spin-up-down asymmetries in the number of scattered 
electrons. In terms of the phase shifts for spin-up (<5/") and spin-down (8f) scattering, the 
direct ( / )  and spin-flip (g) scattering amplitudes are given by
1 00
f (9)  = -  £ ]{ (/ +  l)eiS>(*> sin$+(*) +  le's‘ (k) sin 5"(*:)}/>,(cos0) (1)
g{9) = -  (k) sin V(*> -  ei*'+ (k) sin S,+(*)}/>/ (cos 9) (2)
k  1=0
where Pi (cos 6) and / ’/(cos#) are the Legendre and associated Legendre polynomials, 
respectively. The differential scattering cross section is then expressed as
<K0) =  l/(9 )l2 +  l«(0)l2 (3)
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Abstract. A detailed experimental and theoretical study of elastic electron-xenon scattering 
has been carried out for incident electron energies between 0.67 and 50 eV. The experimental 
measurements have been conducted using a crossed-beam apparatus and the relative flow 
technique, while the theoretical calculations are a fully relativistic treatment which also includes 
the effects of polarization and dynamic distortion. The experimental results (absolute differential 
cross sections) have been analysed with a relativistic version of a phase-shift analysis program 
in an effort to extract the low-order phase shifts, including the two spin-orbit components of 
the low-energy p-wave phase shift, and to derive the total elastic and elastic momentum transfer 
cross sections. Extensive comparisons between the present measurements and calculations and 
previous experiment and theory are provided.
1. Introduction
It has been well established that relativistic interactions can be very important in the 
scattering of electrons from heavy atomic targets, even when the impact energy is very 
low (a few eV). Indeed these effects can be so large that they even manifest themselves 
in the integral cross sections for elastic scattering from systems such as krypton and xenon 
where, for example, recent relativistic scattering calculations show significant differences 
in the position of the Ramsauer-Townsend (R-T) minima from that observed in similar 
calculations performed in a non-relativistic framework (McEachran and Stauffer 1987).
Low-energy electron scattering from xenon has been the subject of much experimental 
and theoretical investigation in recent years. Whilst it is not appropriate to detail all of this 
work here, it is worth noting that with which we shall compare the present measurements, in 
particular those measurements at energies below 5 eV which is our main area of interest. At 
energies below 2 eV there is an extensive set of measurements of elastic differential cross 
sections (DCS) by Weyhreter etal (1988), although the angular range of these measurements 
is limited (20-100°). At higher energies Klewer etal (1980) measured elastic DCS between 
2 and 300 eV, Nishimura etal (1987) from 5 to 200 eV and Register etal (1986) for incident 
energies between 1 and 100 eV. McEachran and Stauffer (1984, 1987, 1988) have applied 
several versions of the polarized orbital method to e~-Xe scattering, including a model 
which involved the solution of the Dirac equation to account for relativistic interactions. 
Johnson and Guet (1994) have calculated low-energy elastic scattering phase shifts using 
relativistic many-body perturbation theory. Gianturco and Rodriguez-Ruiz (1994) have 
applied density functional theory to calculate differential and total scattering cross sections,
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Abstract. We present measurements of absolute cross sections for low- and intermediate-energy 
elastic electron scattering from CO2 , which have been measured independently on different 
experimental apparatus in two laboratories. The results are compared with a number of previous 
measurements and calculations. Whilst there are some interesting differences between recent 
experimental determinations, the largest discrepancies are observed between experiment and 
contemporary scattering theory at very low energies.
1. Introduction
Carbon dioxide is one of the most important constituents of our atmosphere and it plays a role 
in gas-discharge-based devices such as the CO2-N2 laser. Despite this, there Eire essentially 
no contemporary measurements of absolute elastic electron scattering cross sections for CO2 
at energies below about 5 eV, a range which includes the region of influence of the strong 
2n  shape resonance centred at around 3.8 eV. Similarly, and no doubt related to the lack of 
experimental information, there are very few theoretical investigations of electron scattering 
by this important molecule. This situation has been largely addressed by us in an earlier 
publication (Buckman and Brunger 1997) and we shall not repeat that detail here.
Previous crossed-beam experimental studies on CO2 include the angular distribution 
measurements of Shyn et al (1978), the absolute differential cross section (DCS) and integral 
cross section (ICS) measurements of Register et al (1980), the low-energy DCS of Kochern 
etal ( 1985), the intermediate energy DCS of Kanik etal ( 1989), the elastic excitation function 
measurements of Johnstone et al (1993) and the very recent DCS and ICS studies of Tanaka 
et al (1998). There have also been a number of electron-swarm-based measurements of the 
momentum transfer cross section (Lowke et al 1973, Nakamura 1995). In general, the level 
of overlap between the crossed-beam experiments in terms of the incident energies studied 
is relatively small and, where it exists, the agreement between the measured cross sections is 
marginal, with the possible exception of the higher energies (> 20 eV).
The range of theoretical activity for this molecule is even less. Morrison and co-workers 
(Morrison etal 1977) performed the first close-coupling calculations and it is only recently that 
other close-coupling calculations have followed these (Takekawa and Itikawa 1996, Gianturco 
and Stoecklin 1996, 1997, Lee et al 1998). These most recent studies have used model 
local exchange and polarization potentials in the fixed-nuclei expansion with a multicentred 
wavefunction (Takekawa and Itikawa 1996), ab initio static exchange and static exchange plus
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